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ABSTRACT 


The  application  of  three  independent  methods  of  plasma  diagnostics  -  probe, 
spectroscopic  and  microwave  -  for  diagnostics  of  discharges  in  supersonic  gas  flows  has 
been  investigated. 

The  methods  of  measurements  of  charged  particle  densities,  gas  and  vibrational 
temperatures,  intensity  of  electrical  fields  in  plasma,  have  been  developed  under  the 
conditions  characteristic  for  electric  discharge  plasmas  in  supersonic  gas  flows  . 

A  PC-controlled  probe  measurement  circuit  with  an  opto-galvanic  isolation  was 
developed  and  performed.  It  is  based  upon  the  transformation  of  measured  analogue 
signal  to  digital  sequence,  the  transmission  of  the  said  sequence  via  optic  fiber  line  for  the 
required  distance  and  the  inverse  transformation  of  the  digit  code  to  the  analogue  signal. 

New  methods  of  plasma  diagnostics  are  developed.  A  class  of  regimes  is  analyzed,  in 
which  the  voltage-current  characteristic  is  determined  by  the  “inviscid  flow  region”.  New 
analytical  formulae  for  these  regimes  in  high,  moderate  and  low  discharge  electric  fields 
are  deduced.  They  correspond  with  numerical  simulation  data  and  experiments,  and  can 
be  recommended  for  diagnostics  for  most  cases  of  the  plasma  aerodynamic  experiments. 

For  conditions  when  the  voltage-current  characteristic  is  determined  by  both  the  “inviscid 
flow  region”  and  the  diffusion  layer,  two-dimensional  non- stationary  mathematical  model 
was  developed,  and  detailed  numerical  simulation  has  been  carried  out.  Two  new  effects 
on  the  voltage-current  characteristics  have  been  found  out:  the  synergetic  interaction  of 
the  gas  density  profile  formation  in  the  high-speed  flow  with  1)  the  ambipolar  diffusion, 
and  2)  with  plasma  chemical  reactions.  They  want  further  studies. 

Spectral  methods  of  measurement  of  electron  density,  rotation  and  vibration  temperatures 
were  analyzed  and  adapted  to  the  conditions  of  the  discharge  in  the  supersonic  airflow. 
The  non- stationary  kinetic  model  for  substantiation  of  spectroscopic  methods  of 
diagnostics  of  chemically  active  non-equilibrium  non- stationary  plasma  was  developed. 
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It  was  shown  experimentally,  that  the  transversal  discharges  in  supersonic  flows  are 
realized  in  the  mode  of  periodic  re-breakdowns  between  the  anode  and  cathode  jets  of  the 
discharge,  that  results  in  pulses  of  a  discharge  current,  voltage  and  input  electrical  power. 


The  experimental  investigation  of  spatial  and  temporary  evolution  of  plasma  parameters 
of  the  transversal  direct  and  pulse-periodic  discharges  in  supersonic  airflow  was  carried 
out  with  Mach  number  M=2  in  a  pressure  range  40  -200  Torr.  Under  these  conditions  a 
change  in  discharge  currents  from  0.1  up  to  25  A  results  in  a  change  in  the  values  of  an 
electron  density  from  10  cm"  up  to  10  cm'  ,  the  gas  temperature  from  1000  K  up  to 
4000  K,  the  vibrational  temperature  from  8000  K  to  3500  K,  an  electrical  field  from  300 
V/cm  to  20  V/cm. 

A  numerical  simulation  of  a  supersonic  flow  over  pulse-periodic  discharge  is  carried  out 
and  the  classification  of  flows  depending  on  the  pulse  frequency  is  proposed. 

The  regime  of  long  single  pulses  is  characterized  by  formation  of  a  long  high  temperature 
region  with  size  depending  on  the  ambient  flow  velocity  and  the  pulse  duration.  It  was 
shown  that  the  time  characteristics  of  energy  source,  chosen  for  experiments,  allow  to 
simulate  the  results  of  an  action  of  the  steady  energy  source  on  a  supersonic  flow. 

At  increasing  the  pulse  repetition  frequency  the  regime  of  a  pulsing  temperature  trace 
with  a  pulsing  heading  shock  wave  is  realized.  The  further  frequency  increasing  leads  to 
the  quasi-steady  regime,  when  the  resulting  flow  does  not  depend  on  the  pulse  form  and 
duration  and  is  identical  to  the  steady  solution. 

The  experimental  investigation  of  spatial  and  temporary  evolution  of  plasma  parameters 
of  the  plasmadynamic  discharge  in  supersonic  airflow  was  carried  out  with  Mach 
number  M=2  in  a  pressure  range  100  -500  Torr.  Influence  of  the  addition  of  propane  to 
air  on  plasma  parameters  of  discharge  was  investigated. 
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CHAPTER  I  REVIEW 


ELECTRIC  PROBE  DIAGNOSTICS  EOR  HIGH  PRESSURE 

ELOWING  PLASMA 

The  review  includes  the  works  on  the  subjects  of  the  project  published  in  the  Russian 
Academy  of  Sciences  journals  during  last  five  years  (1996-2000). 

The  list  of  the  reviewed  journals  is  the  following: 

1 .  Doklady  Physics 

2.  Technical  Physics 

3.  Journal  of  Experimental  and  Theoretical  Physics 

4.  Technical  Physics  Letters 

5.  Journal  of  Experimental  and  Theoretical  Physics  Letters 

6.  Instruments  and  Experimental  Technique 

7.  Journal  of  Communications  Technology  and  Electronics 

8.  High  Temperature 

9.  Plasma  Physics  Reports 

10.  Journal  of  Applied  Mechanics  and  Technical  Physics 

1 1 .  Mechanics  of  a  Liquid  and  Gas 

12.  Engineering- Physical  Journal 

The  works  published  earlier,  in  the  previous  five  years,  if  they  are  connected  to  the  works 
of  the  considered  period  are  also  studied  in  the  review. 
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Nomenclature 


e  -  Magnitude  of  electron  charge 
k-  Boltzmann’s  constant 
X-  mean  free  path 
R,d-  probe  radius  and  diameter 
Kn  =  X/R  -  Knudsen  number 
Xd  -  Debye  length 

a  =  Xd/R  -  Debye  length  to  probe  radius  ratio 
A^oo  -  unperturbed  value  of  charged  particle  density 

n+,  n.  -  density  of  ions  and  electrons  to  unperturbed  value  of  charged  particle  density 
accordingly 

T+,  T_-  Temperatures  of  ions  and  electrons  accordingly, 
x  =  ryr_, 

cp  -  Electrical  potential  with  respect  to  a  plasma  potential 
t|/  =e  AT.  -  Non-dimensional  electrical  potential, 

D+,  D.  -  Diffusion  coefficient  of  ions  and  electrons  accordingly, 

(3  =  D^D.  -  Ion  diffusion  coefficient  to  electron  diffusion  coefficient  ratio 
f/oo  -  Undisturbed  flow  velocity 
V  -  Viscosity 

Re=2  Uoo  R/v  -  gas-dynamic  Reynolds  number,  based  on  a  diameter 

Sc+  =  v/D+  -  Ion  Schmidt  number 

Sc  -  ambipolar  Schmidt  number 

Rce  =  Re  Sc  -electric  (diffusion)  Reynolds  number 

Pr  -  Prandtl  number 

Pe  =  Re  Pr  -  Peclet  number] 

Nud  -  local  Nusselt  number,  based  on  a  diameter 
I  -  probe  current 

J,  j  -  dimension  and  dimensionless  current  density  accordingly 

1/2 

=  (D_^  I  N^a  ^ )  -  recombination  length 

Ut,  Xt  -  heat-transfer  coefficient  and  heat  conductivity  coefficient  accordingly 
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Introduction 

The  results  of  the  development  of  electric  probe  diagnostics  for  high  pressure  flowing 
plasma  achieved  by  the  end  of  the  seventies  were  summarized  by  P.  Chung,  L.  Talbot  and 
K.  Touryan  in  the  book  [LI].  The  progress  in  probe  diagnostics  attained  by  the  end  of  the 
80th,  was  outlined  in  the  review  of  M.Benilov  [1.2]  and  monography  of  B.V. Alekseev 
and  V.A.Kotelnikov  [1.3]. 

The  theoretical  aspects  of  the  problem  for  all  cases  were  emphasized.  Modes  are 
considered  analytically,  each  being  determined  by  a  set  of  strong  inequalities  of  the  kind 

n/>>  1,  ny<<  1, 

where  fl,  are  dimensionless  criteria  parameters. 

The  most  important  dimensionless  criteria  parameters  for  probe  diagnostics  are  Knudsen 
number  Kn  =  X/R  {X  is  mean  free  length  of  particles,  R  is  probe  radius),  ratio  of  Debye 
length  Xd  to  probe  radius  a  =  Xd/R,  Reynolds  number,  Mach  number  etc. 

The  change  of  a  sign  even  in  one  of  the  inequalities  modifies  the  physics  of  plasma 
interaction  with  a  probe  essentially  and  leads  to  the  transition  to  other  mode. 

There  are  formulas  to  connect  I  -  V  probe  characteristic  and  parameters  of  plasma  for 
some  modes,  but  these  formulas  are  unknown  for  other  modes. 

The  boundary  areas  of  parameters,  where  n,  ~  1,  are  not  generally  described  analytically, 
the  diagnostics  for  these  cases  being  complicated.  As  a  rule,  the  modes,  characteristic  for 
plasma  devices  such  as  the  glow  discharge,  plasma  electronics  device  have  been 
investigated  well  in  recent  years. 

Only  the  new  scientific  research  [1.4]  for  the  case  of  intermediate  -  average  pressure  has 
been  summarized  since  the  time  the  papers  [1.2, 1.3]  were  published. 

The  papers  concerning  the  main  theme  of  the  project-diagnostics  of  the  gas  discharges  in 
supersonic  air  flows  and  flame  plasma  -  are  the  only  ones,  which  are  considered  below. 
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§  1.  Flowing  high  pressure  plasma 


Many  important  regimes  of  a  probe  in  flowing  high  pressure  plasma  have  been 
thoroughly  investigated  by  the  present  time  [LI  -  1.3].  However  each  case  of  diagnostics 
of  various  plasma  objects  by  electrical  probes  has  its  own  peculiarities. 

There  have  appeared  works  devoted  to  the  analysis  of  the  phenomena  the  influence  of 
which  has  been  studied  less  in  comparison  with  the  main  processes  characterizing  probe 
current.  However  these  phenomena  are  of  importance  for  probe  diagnostics  of  gas 
discharges  in  supersonic  air  flows.  Such  gas  discharges  are  characterized  by  nonsteady 
state  of  the  parameters  and  great  difference  in  gas  and  electron  temperatures  even  at  high 
pressure  [1.5].  Moreover  the  significant  gas  heating  at  high  electric  power  in  the  discharge 
leads  either  to  the  necessity  of  cooling  a  probe  or  restricting  its  exposition  time  in  the 
studied  discharge.  In  both  cases  probe  surface  temperature  differs  appreciably  from  gas 
temperature. 

Besides  the  magnitude  of  the  probe  current  can  be  influenced  by  the  processes  of 
ionization  -  recombination,  including  the  processes  with  negative  ions,  as  plasma  of  air 
and  its  mixture  with  hydrocarbon  is  of  interest. 

The  results  of  theoretical  research  obtained  during  the  considered  period  are  studied 
below.  We  should  take  into  account  the  following  factors  of  probe  interaction  with 
plasma: 

•  nonsteady  state  of  a  probe  -  plasma  system 

•  plasma  non-equilibrium  (difference  between  electron  and  gas  temperature) 

•  probe  surface  temperature 

•  kinetics  of  ionization  -  recombination 

1.1  Nonsteady  state  of  a  probe  characteristic 

Stationary  operational  modes  of  a  probe  were  studied  in  most  cases  for  high  pressure 
plasmas. 
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Less  attention  was  given  to  the  study  of  the  problem  of  non-stationary  I-V  probe 
characteristic.  There  are  two  reasons  for  non  stationarity  of  probe  characteristic  to  appear 
in  the  experiment:  in  the  case  of  the  transition  of  a  probe  from  one  state  to  another  when  a 
probe  potential  is  modified  due  to  an  external  source  or  when  a  space  potential  is 
modified  in  the  location  of  a  probe. 

The  limit  on  the  maximum  range  rate  ?  ?  ?  and  the  limit  on  a  spectrum  of  oscillations  of 
discharge  potential  up  to  which  it  is  possible  to  use  the  quasi-stationary  theory  are 
determined  from  what  is  mentioned  above. 

The  similar  problem  was  considered  earlier  analytically  and  numerically  in  [1.6]  for  a 
spherical  probe  in  a  limiting  case  (a^O)  of  thin  space  charge  layer.  The  most  detailed 
numerical  calculations  have  been  made  in  [1.3]  for  a  spherical  probe  in  stationary  plasma 
for  the  wide  range  of  criteria  parameters.  The  effect  of  probe  current  surge  (non¬ 
monotone  evolution  of  probe  current  in  time)  has  been  detected  as  a  result  of  this 
theoretical  research. 

In  the  surveyed  work  [II.  1]  the  solution  of  a  non-stationary  problem  for  a  spherical  probe 
with  a  thick  space  charge  layer  has  been  considered  analytically  for  small  potential.  The 
plasma  is  assumed  to  be  stationary  and  two-temperature,  but  the  temperature  ratio  of  ions 
and  electrons  x  =  ryr_  is  constant  throughout  the  space,  as  well  as  the  temperatures.  The 
chemical  reactions  are  frozen. 

The  system  of  probe  equations  in  a  non-stationary  mode  in  a  dimensionless  form  has  the 
following  form: 


d  n+/d  t  -  V(Vn+  -l-  x'^  n+V\|/)  =  0 

(1) 

d  nVd  t  -  V(Vn.  -  n.V\|/ )  =  0 

(2) 

A\|/  =  n.-n+ 

(3) 

Here  n+  and  n.  -  ion  and  electron  densities  referred  to  the  value  of  charged  particles 
density  at  infinity,  \|/-  the  dimensionless  electrical  potential  connected  with  dimensional 
(is  counted  from  a  potential  of  plasma)  ratio  \|/  =e  cp  A  T.  ,  e  -  charge  of  an  electron,  k-  a 
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Boltzmann’s  constant,  (3  =  D+/D.  -  ion  diffusion  coefficient  to  electron  diffusion 
coefficient  ratio.  A  time  scale  is  P^/D.,  a  distance  scale  -  probe  radius  R. 

When  Poisson  equation  (3)  is  transformed  to  Laplace  equation  At|/=  0  and  equation 
(1),  (2)  become  independent  of  each  other. 

If  we  take  \|/  =  -  .^tp  /?T+  to  connect  dimensionless  and  dimensional  potentials  and  accept 
R^/D+,  as  a  time  scale  the  equation  (1)  becomes  (2).  Thus  it  will  suffice  to  consider  the 
equation  (2)  together  with  Laplace  equation.  The  analytical  solution  for  time  evolution  of 
an  eleetron  (ion)  current  is  expressed  in  terms  of  an  integrated  exponential  function. 

For  convenience  the  obtained  dependence  I  (t)  at  two  values  of  an  initial  potential  of  a 
probe  surface  t|/  (t<0)  =  %  are  presented  graphically  in  Fig.l.  The  current  modification 
pattern  at  small  t  is  shown  in  the  Figure  as  a  separate  fragment.  One  can  see  that  at  the 


Fig.1.1.  Evolution  of  an  electron  (ion)  current  for  various  initial  probe  potentials: 

1  -ti/  =  0.1,  2-0.2. 
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first  moment  when  a  probe  potential  falls  the  current  decreases  sharply,  then  begins  to 
increase,  achieving  a  maximum,  which  magnitude  exceeds  the  initial  value  1(0).  Then  the 
current  returns  to  the  unit  according  to  the  law  . 

Thus  the  found  analytical  solution  can  be  used  to  test  the  numerical  calculations  under  the 
complicated  conditions. 

1.2  Thermal  analogy  in  the  theory  of  electrostatic  prohe 

The  ion  current  of  a  probe  in  continuum  plasma  achieves  saturation  (i.e.  does  not  depend 
on  a  probe  potential)  in  the  case  of  a  thin  space  charge  (a  ^  0)  and  enough  high  probe 
potentials.  This  case  is  convenient  for  diagnostics  not  only  from  the  point  of  view  of 
experiment,  but  to  a  larger  extent  for  the  theoretical  description.  It  is  enough  to  solve  only 
one  partial  equation  [1.7]  instead  of  a  set  of  nonlinear  elliptical  ones.  It  is  the  convective 
mass  transfer  equation  for  weakly  ionized  incompressible  isothermal  plasma  and  frozen 
chemical  responses. 

The  paper  [II. 2]  shows  the  mathematical  equivalence  of  the  determination  of  a  probe 
saturation  current  and  Nusselt  number  for  the  heat  irradiation  from  the  physical  body 
having  the  same  form. 

In  fact  the  convective  mass  transfer  equation  (the  equation,  which  describes  distribution 
of  density  n)  in  the  dimensionless  form  is 

0,5  Re  Sc  (u  Vn)  -  An  =  0  (4) 

where  Sc  =  v/D+  is  ion  Schmidt  number.  The  factor  0,5  for  isothermal  plasma  is  due  to 
the  diffusion  of  charged  particles  on  a  probe  being  ambipolar. 

The  boundary  conditions  of  the  equation  (4)  for  a  cylindrical  probe  oriented  across  an 
incident  flow  (and  a  spherical  probe)  are 

The  dimensionless  current  density  of  saturation]  is  expressed  by  [1. 10] 


Local  Nusselt  number,  based  on  a  diameter  d  cylindrical  or  spherical  probe 


Nu  ^ 


djd  _  ^ dT I 


(6j 


where  ar,  'kr-  heat-transfer  and  heat  eonductivity  coefficients  in  a  problem  of  convective 
heat  exchange  for  an  incompressible  viseous  liquid  with  permanent  physical 
characteristics  is  found  from  a  solution  of  the  equation 

Re  Pr  (uVT)  -  AT  =  0 ,  (7) 

where  T  -  dimensionless  temperature  with  boundary  eonditions 

7^|.=i  =  0,  7^1.^.=!. 


As  may  be  seen  the  two  problems  have  become  eompletely  identieal  under  the  following 
simple  eondition 


Sc  =  2  Pr. 


(8) 


Then  an  eleetrieal  Reynold's  number  Rce  =  Re  Sc  and  Peelet  number  Pe  =  Re  Pr  are 
correlated: 


Ree  =  2  Pe.  (9) 

The  considered  thermal  analogy  was  known  previously.  It  seems  to  have  been  first 
mentioned  in  [1.8],  but  it  hasn’t  been  properly  studied.  Thus  only  the  limiting  cases  of 
conveetion:  weak  influenee  -  Re  «  1  and  strong  influence  -  Re  »  1  were  eonsidered  in 
the  book  [I.l].  The  intermediate  ease  was  investigated  in  [1.9].  However  heat  exehange  of 
the  eylinder  in  a  viseous  liquid  at  the  same  Reynold's  numbers  was  investigated 
numerieally  much  earlier  [1. 10,  1. 11].  The  caleulations  [1.9]  would  be  unneeessary  if  the 
thermal  analogy  were  well  known. 


The  paper  [II.2]  has  eompared  the  results  [1.9  -  I.ll]  related  to  the  various  physieal 
phenomena  but  obtained  when  one  and  the  same  mathematieal  problem  is  solved.  The 
results  of  this  eomparison  are  shown  in  Fig.2. 


The  results  of  ealeulations  of  a  dimensionless  integrated  saturation  eurrent  i  are  presented 
in  Fig.2  for  a  eylindrieal  probe  as  dependenee  on  number  Reg,  determined  from  a  radius. 
Here  the  eurrent  i  is  average  gradient  of  eharged  partiele  density  on  a  surfaee  of  a  probe 
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on  the  contour  of  the  cylinder.  The  comparison  should  be  made  at  an  average  Nusselt 
number  Nu,  determined  from  a  radius. 

It  can  be  seen  from  Fig.  1.2,  the  results  of  calculations  for  Sc  =  1,5  are  very  close  to  the 
results  [1. 10]  for  Pr  =  0,73. 


Fig.1.2.  Dependence  of  a  dimensionless  saturation  current  on  a  cylindrical  probe  on 

an  electrical  Reynold's  number. 

Curves  1-  3  -  the  results  of  [1.9]  1-  Sc  =  0,5;  2  -  1;  3-  1,5;  4  ?  5  -  re-counted  results  of 
[1. 10]:  4-  Pr  =  0,73;  5  -  1;  6  -  re-counted  result  of  [1.12]. 


The  formula,  approximating  the  results  of  calculations  at  Sc  =  1  is  suggested  in  [1.9]: 

i  =  0,43  Re  (10) 

The  transition  to  a  dimensional  current  1  is  carried  out  by  the  relation: 

I  =  4TieN^DiLi  (11) 

The  formula  (10)  is  applied  only  when  i?Ce<  15.  Complicated  non-stationary  and  stallable 
phenomena  occur  when  Re  has  larger  values  at  a  back  surface  of  the  cylinder.  Thus  it 
seems  reasonable  to  use  experimental  data  on  heat  exchange  of  the  cylinder  for 
diagnostics  of  plasma  when  Re  >  15. 
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The  uniform  equation  defining  heat  irradiation  from  the  circular  cylinder  circulated  by  a 

n  c 

transversal  airflow  in  a  range  of  Reynold's  numbers  from  5  10“  up  to  1  10  is  presented 
in  work  [1.12]  (fie  is  determined  from  a  radius).  This  equation  is  an  approximation  of 
experimental  data.  It  can  be  written  for  saturation  current  as 

i  =  0,092  +  0,190  Ree  +  0,146  (ReJ0J3)^  (12) 

where  C  =  0,247  +  0,0476  Rce  . 

This  equation  is  obtained  for  Pr  =  0,73,  that  corresponds  to  Sc  =  1,46.  This  dependence 
also  is  presented  in  Fig.  1.2. 

Thus,  the  ion  density  for  laminar  incompressible  plasma  is  determined  from  saturation 
current  in  a  ratio  (11),  for  large  Re  >  15  the  formula  (12)  should  be  used,  and  for  Ree  ^  15 
-  formula  (10). 


The  similar  formulas  of  an  ion  saturation  current  for  a  spherical  probe  are: 

I  =  8ti  e  NooDiRi 


where 

/  =  1  +  0,2  Ree 


(13) 


(14) 


The  work  [II. 3]  devoted  to  the  determination  of  a  saturation  current  in  a  critical  point  of  a 
probe  is  close  to  [II.2].  The  probes  of  a  more  complicated  construction  are  used  along 
with  usual  cylindrical  probes  for  diagnostics  of  flowing  plasma.  The  working 
(conducting)  surface  of  such  probes  is  only  a  small  part  of  a  surface  in  a  neighbourhood 
of  a  frontal  critical  point  of  the  cylinder.  The  calculations  for  this  case  were  conducted 
earlier  by  authors  [1.13  -  1.15]  supposing  that  the  flow  along  the  cylinder  occurs  in  a 
mode  of  a  boundary  layer,  i.e.  in  an  approximation  Re  »  1.  It  is  supposed  that  the 
equations  of  a  boundary  layer  at  Re  ~  1  are  incorrect.  The  saturation  current  density  in 
[II.4]  in  contrast  to  [1.13  -  1.15]  was  determined  by  a  numerical  solution  of  the  full 
equations  of  plasma  movement  and  mass  transfer  of  charged  particles  in  the  range  Re 
from  1  up  to  70.  These  calculations  were  supplemented  by  the  calculations  [II.  5].  The 
results  of  all  investigations  were  summarized  in  [II. 3]  and  the  final  comparison  of  the 
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results  is  shown  in  Fig.  1.3.  The  comparison  shows  that  the  dependence  of  densities  of  an 
ion  current  in  the  critical  point  of  a  cylindrical  probe  obtained  in  an  approximation 
Re  »  1  is  hue  for  Re  ~ 


Fig.1.3.  A  dimensionless  saturation  current  density  in  a  critical  point  of  a  cylindrical 
probe  versus  an  electrical  Reynold's  number  for  Sc+  =1:  1  -  [1.13],  2  -  [1.15], 

3  -  [1.14],  4  -  [11.4]. 

The  simplest  analytical  expression  of  the  results  for  the  cylindrical  probe  is: 

j  =1,22  Sci^-^  Ree^’^  (15) 

where  the  dimensionless  saturation  current  density  j  is  connected  with  dimensional  7  by  a 
relation: 

J=eNooD+j/R  (16) 

The  similar  relation  for  a  spherical  probe  obtained  in  [II. 3]  with  the  help  of  thermal 
analogy  is: 

j=l,42  5cr°*i?e/’^  (17) 
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1.3.  The  difference  in  electron  and  gas  temperature 


The  most  detailed  model  of  an  ion  saturation  current  in  collision  of  weakly  ionized 
flowing  plasma  with  the  frozen  chemical  responses  [1.7]  is  limited  by  isothermic  state  of 
plasma.  However  the  analysis  of  the  results  for  less  common  case  made  in  the  work  [1.16] 
(limited  by  large  numbers  Re,  but  taking  into  account  the  separation  of  electron  and  gas 
temperatures)  shows  that  it  can  lead  to  errors. 

The  temperature  difference  for  the  case  of  incompressible  weakly  ionized  plasma  with 
the  frozen  chemical  responses  is  taken  into  account  in  the  work  [II. 6]. 

In  the  frameworks  of  a  simple  model  [1.16]  analogous  to  [1.7]  one  can  show  that  the 
dimensionless  densities  of  electron  j.  and  ion  saturation  currents  j+  on  a  cylindrical  and 
spherical  probe  are  equal: 

7,  =  (l  +  x")— . 

or 

Here  r  -  dimensionless  radial  coordinate  in  terms  of  probe  radius  R,  x  =  T+/T_.  The 
constancy  of  temperatures  through  the  field  of  flow  is  assumed  by  the  model. 

The  approximating  formula  for  a  dimensionless  ion  saturation  current  is  obtained  in  [II.6] 
in  an  approximation  of  cold  ions,  i.e.  for  the  x^  0: 

/  =  0.74(l l<Pe<18  (18) 

It  has  been  obtained  due  to  the  earlier  works  [I.17]  and  [II.7]  where  the  problem  of  heat 
exchange  was  considered.  The  numerical  calculations  are  conducted  in  [II.  6]  for  not  too 
small  X.  The  final  relation  for  i  is  convenient  to  present  as  the  dependence  on  an  electrical 
Reynold  number  : 

/  =  0.58(l  +  x“^f^Re^-^,  (19) 

The  dimensional  current  on  a  full  surface  of  a  cylinder  is  equal 

I=2neNooD+Li  (20) 

The  similar  formulas  for  a  spherical  probe  look  like  in  an  approximation  of  “cold”  ions 

i  =  (l+x'^)(l  +  0.43  Pe~l  (21) 
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for  X  >  1/7 

i=  I +  +0.28(1 +  (22) 

The  dimensional  current  on  a  full  surface  of  a  sphere  is 

I  =  4neN^D+Ri  (23) 

To  get  these  formulas  we  assume  the  ion  and  electron  temperatures  to  be  constant  but  the 
assumption  is  not  fulfilled  in  practice. 

The  temperature  of  electrons  is  changed  under  the  influence  of  an  electron  thermal 
conductivity,  electrical  field  and  energy  exchange  between  electrons  and  heavy  particles. 
Thus  the  energy  balance  equation  of  electrons  should  be  considered.  Temperature  of  ions 
decreases  in  the  vicinity  of  a  colder  probe  surface.  However  numerous  data  (see  below) 
show  the  weak  influence  of  probe  surface  temperature  on  a  saturation  current  for  thermal 
equilibrium  plasma.  This  enables  us  to  hope  to  get  an  acceptable  error  when  determining 
charged  particle  density  in  two-temperature  plasma  using  the  formulas  mentioned  in  this 
paper. 


1.4.  Probe  surface  temperature  influence 

Theoretical  description  of  probe  operation  mode  in  a  flowing  continuum  plasma  often 
supposes  the  probe  temperature  to  be  equal  to  the  temperature  of  a  flow,  which  is  a 
constant  in  a  flow  field.  However  in  experiments  with  plasma  of  high  pressure  the 
situation  is  different  -  the  probe  surface  temperature  is  always  considerably  lower  than 
the  flow  temperature.  It  is  bounded  from  above  by  the  temperature  of  a  beginning  of 
thermal  electron  emission  which  can  noticeably  destort  the  values  of  an  ion  probe  current. 
Rather  low  temperature  of  a  probe  surface  is  achieved  either  by  its  forced  cooling  or  by 
probe  short  location  in  plasma.  As  a  result  the  diffusion  coefficients  of  ions  and  electrons 
as  well  as  neutral  gas  density  are  essentially  changed  in  the  flow  field  for  a  cooled  probe. 

The  influence  of  these  factors  on  the  characteristics  of  a  spherical  probe  in  stationary 
plasma  was  studied  earlier  in  [1.18].  And  their  influence  on  a  saturation  current  of 
spherical  and  cylindrical  probes  in  flowing  plasma  for  large  Re  was  studied  in  [1.13].  The 
effect  of  probe  temperature  on  a  saturation  current  of  a  spherical  probe  in  slowly  flowing 


19 


plasma  (Re  «  1)  is  investigated  in  [1.19].  So  these  studies  have  showed  the  weak 
dependence  of  a  probe  saturation  current  on  the  probe  surface  temperature. 

The  case  of  a  cylindrical  probe  located  in  slow  flowing  plasma  when  a  space  charge  layer 
is  thin  was  considered  in  [II. 8  -  II.9].  The  probe  was  both  at  moderate  potentials  and  at 
large  negative  potentials  when  its  current  was  determined  by  a  total  flow  of  positive  and 
negative  particles.  However  the  probe  had  the  temperature  of  a  mainstream  in  all  cases. 
In  works  [II.  10  -  II.  1 1]  the  case  when  the  temperature  of  a  probe  is  lower  than 
temperature  of  a  mainstream  is  considered.  And  it  is  maintained  constant  for  moderate 
[II.  10]  and  large  [II.  11]  values  of  potential.  The  ion  temperature  is  equal  to  the 
temperature  of  neutral  particles.  Two  cases  similar  to  [1.18]  are  considered  for  the 
temperature  of  electrons:  local  thermal  equilibrium  with  enclosing  gas  and  frozen 
temperature  of  electrons.  The  temperature  dependence  of  ion  and  electron  diffusion 
coefficients  for  the  case  of  an  equilibrium  is  square-law:  D+  =  D.  ~  T^,  for  the  case  of 
frozen  temperature  D~T . 

The  calculated  probe  characteristics  for  the  case  of  equilibrium  electron  temperature  are 
presented  in  Fig.  1.4. 


Fig.1.4. 1  -  V  characteristic  of  a  cylindrical  Lanmuir  probe  for  Re  =  0.2  and  Tp  = 
0.25  for  the  equilibrium  electron  temperature:  1  a  =  0.001,  2  -  0.01,  3  -  0.1.  Dashed 

lines  -  uncooled  probe  Tp  =1. 
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As  it  is  evident  the  I  -  V  characteristic  for  large  potentials  differs  little  from  the  I  - 
V  characteristic  of  an  non-cooled  probe.  The  more  the  ratio  of  Debye  radius  to  the  probe 
radius  and  probe  potential  is  the  less  this  difference  is. 

I  -  V  characteristics  for  frozen  electron  temperature  are  shown  in  Fig.  1.5.  Their 
difference  from  I  -  V  characteristics  of  an  uncooled  probe,  just  as  for  equilibrium 
temperature,  is  insignificant. 


Fig.1.5. 1  -  V  characteristic  of  a  cylindrical  Lanmuir  probe  for  Re  =  0.2  and  Tp  = 
0.25  for  the  frozen  electron  temperature:  1  a  =  0.001, 2  -  0.01, 3  -  0.1.  Dashed  lines  - 

uncooled  probe  Tp  =1. 

The  calculated  values  of  a  probe  current  versus  probe  temperature  are  presented  in 
Fig.  1.6  for  various  potentials  of  a  probe  and  relations  a.  It  can  be  seen  the  probe  current 
for  a  fixed  potential  depends  weakly  on  the  probe  temperature  though  the  temperature 
dependence  is  more  explicit  for  frozen  temperature  of  electrons. 

Thus,  the  cylindrical  probe  indications  in  slow  flowing  plasma  for  large  potentials  depend 
weakly  on  probe  surface  temperature. 
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Fig.  1.6.  Calculated  values  of  a  probe  current  versus  probe  temperature  for  various 
probe  potentials  and  relations  a  for  f  Re  =  0.2. 

Equilibrium  electron  temperature:  1  -  a  =  0.1,t|/  =  100;  2  -  \|/  =  50;  3  -t|/  =  25; 

4  -  a  =  0.01,  t|/  =  100;  5  - 1|/  =  25;  6  -  a  =  0.001,  V|/  =  25.  Dashed  lines  -  frozen 

temperature  of  electrons. 

1.5  Influence  of  kinetic  processes 

The  problem  of  a  spherical  probe  located  in  dense  weakly  ionized  plasma,  containing 
negative  ions  is  considered  in  [11.12].  The  paper  examines  the  conditions  under  which  the 
main  process  of  primary  charged  particles  formation  is  the  process  of  volume  ionization, 
the  negative  ions  being  formed  then  as  the  result  of  dissociative  attachment  of  electrons. 
The  reverse  reactions  are  the  processes  of  dissociative  ion  -  ion  and  ion  -  electron 

recombination.  The  task  parameters  are  the  square  of  the  relation  of  a  Debye  radius  to  a 

1/2 

probe  radius  a?,  the  square  of  the  relation  of  recombination  length  =  {D^  /  N  Jl 

to  a  probe  radius  co  =  (r/Rf  ,  dimensionless  potential  \|/,  and  also  the  factor  which 
determines  the  amount  of  electrons  in  plasma  and  can  be  changed  from  zero  (for 
completely  electronegative  plasma)  up  to  unit  (electropositive  plasma).  Both  diffusion 
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and  mobility  coefficients,  as  well  as  the  relation  of  ion  temperature  to  electron  are 
supposed  to  be  constant. 

If  and  to  are  small  parameters  it  is  convenient  to  use  a  method  of  sewing 
together  asymptotic  expansions.  This  method  can  be  applied  to  a  broad  class  of  peculiar 
problems,  the  problem  of  an  electrical  probe  in  a  mode  of  a  continuous  medium  being 
one  of  them.  When  the  problem  was  solved  it  has  been  shown  that  probe  perturbed 
plasma  is  divided  naturally  into  space  charge  layer,  quasineutral  inhomogeneous  plasma 
and  quasineutral  homogeneous  plasma.  The  width  of  the  last  area  is  about  a  probe  radius, 
the  width  of  quasineutral  inhomogeneous  plasma  is  about  recombinational  length  of  ions. 
The  calculated  distribution  of  a  potential  and  charge  particle  density  in  the  indicated  areas 
are  presented  in  Fig.  1.7- 1.8. 


Fig.7.  Distribution  of  charge  particle  density  and  potential  in  perturbed  area  of 

plasma. 
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Fig.8  Distribution  of  charge  particle  density  and  potential  in  space  charge  layer 


§  2  Plasma  of  flames 

For  the  case  of  a  flame  the  spectral  methods  of  temperature  measurements  of  a  flame  and 
concentration  of  admixture  atoms  are  usually  used.  The  equilibrium  density  of  electron 
are  subsequently  calculated  from  the  Saha  equation.  As  flame  has  a  complex  structure  it 
is  necessary  to  apply  the  probe  method  for  diagnostics  of  flame  plasma. 

By  the  present  time  a  certain  progress  has  been  made  in  the  development  of  the  probe 
theory  in  a  mode  of  continuous  environment.  It  enables  to  study  thinner  effects 
influencing  on  a  probe  current,  such  as  processes  of  ionization  and  recombination  of  the 
charged  particles.  Thus  there  is  an  opportunity  of  studying  physicochemical  processes  in 
flames. 

The  preliminary  results  of  the  theory  development  for  diagnostics  of  a  flame  plasma  with 
weakly  ionised  admixtures  are  considered  in  the  paper  [11.13].  The  analysis  is  conducted 
with  respect  to  the  influence  of  various  factors  on  the  indications  of  a  probe  entered  into  a 
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flame.  The  influence  of  a  convective  motion  of  plasma  on  the  indications  of  a  probe  is 
one  of  the  factors. 

The  development  of  the  theory  describing  a  probe  operation  in  the  collision  plasma  with 
Rce-l  for  plasma  of  flames  was  first  given  in  [1.17].  The  analytical  expressions  for  probe 
saturation  current  for  two  model  distributions  of  velocity  of  gas  around  of  a  cylindrical 
probe  were  obtained  in  it.  The  probe  and  the  spectral  measurements  made  for  a  flame  of 
acetylene-air  mixture  with  an  addition  agent  of  natrium  have  shown  that  the 
concentration  of  the  charged  particles  found  from  the  given  formulas  is  2  or  3  times  as 
much  as  that  calculated  from  the  Saha  equation. 

Experimental  works  carried  out  previously  in  flame  plasma  with  admixtures  also  marked 
the  increase  of  the  charged  particles  concentration  and  that  was  100  times  increase.  So  we 
can  speak  about  abnormal  currents  on  a  probe  in  a  flame  [1.20].  As  it  was  shown  in  the 
paper  [1.20]  the  cause  of  these  abnormal  currents  was  the  fact  that  plasma  motion  was  not 
taken  into  account  in  the  theory  applied  when  interpreting  probe  measurements. 

The  research  of  the  authors  [1.17]  continued  in  [1.9]  where  the  saturation  current  on  a 
cylindrical  probe  was  calculated  numerically  for  a  field  of  velocities  from  Navier  -  Stokes 
equation.  However  the  application  of  the  improved  formula  has  not  resulted  in  the 
rapprochement  of  concentration  found  from  probe  and  spectral  measurements,  on  the 
contrary  the  difference  has  grown.  Later  the  calculations  carried  out  in  [1.9]  were 
confirmed  when  the  thermal  analogy  (see  §1,  unit  1.2)  from  the  theory  of  a  probe  was 
compared  with  experimental  data  on  a  convective  heat  exchange  of  the  cylinder. 

Thus  the  consideration  of  movements  only  appears  to  be  insufficient  to  explain  current 
increase  on  probe  in  a  flame  plasma. 

To  eliminate  this  discrepancy  the  theoretical  model  was  extended  in  [1.21],  the  negative 
ions  and  chemical  reactions  between  components  of  plasma  were  taken  into  account.  The 
main  attention  was  paid  to  the  influence  of  negative  ions  on  the  indications  of  a  probe.  As 
it  was  carried  out  in  [1.21]  the  calculations  of  equilibrium  structure  of  combustion 
products  of  hydrocarbonaceous  fuel  have  shown,  that  at  temperature  of  a  flame 
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T=2200  K  (it  being  registrated  in  the  experiments  [1.21])  the  concentration  of  negative 
ions  in  an  incident  undisturbed  flow  is  close  to  that  of  the  ions,  and  negative  ions  were 
the  ions  HCOa"  which  were  not  considered  previously  within  chemical  kinetics. 

The  presence  of  a  plenty  of  negative  ions  in  a  free  propane-air  flame  was  then 
experimentally  confirmed  by  methods  different  from  the  probe  one  [1.22-1.23]. 

The  introduction  of  negative  ions  in  the  theoretical  model  has  resulted  in  a  good 
agreement  between  the  calculated  currents  of  saturation  with  experimental  data  [1.21]. 
However  in  the  experiments  [1.23]  it  was  revealed  that  the  agreement  was  violated  at  low 
concentration  of  the  charged  particles  in  flame  when  an  agent  of  sodium  was  added.  The 
formation  of  negative  ions  also  doesn’t  explain  the  excess  of  concentration  of  the  charged 
particles  above  equilibrium  in  measurements  [1.9]  carried  out  in  hotter  acetylene-air 
flame. 

There  are  two  reasons  to  cause  the  influence  of  negative  ions  directly  on  the  indications 
of  a  probe  [1.21].  The  first  one  is  connected  to  their  additional  formation  because  of  gas 
cooling  at  the  surface  of  a  probe.  It  leads  to  the  fall  of  an  electron  concentration  and 
increase  of  positive  ions  concentration  and  ionic  saturation  current.  The  second  one  is 
connected  to  the  reduction  of  an  ambipolar  diffusion  coefficient,  i.e.  the  increase  of  Rce 
number  that  also  increases  the  ionic  saturation  current.  Nevertheless  all  these  don’t 
explain  a  divergence  received  in  [1.9],  at  least,  in  flame  with  an  addition  agent  of  sodium. 

The  papers  [11.14  -  11.15]  continued  to  consider  the  problems  touched  upon  in  [1.9].  An 
ionic  saturation  current  is  influenced  by  the  reaction  rates  of  ionisation  of  admixture 
atoms  and  recombination  of  the  charged  particles  and  this  was  considered  in  the  papers 
[11.14-11.15].  If  we  take  into  account  that  reactions  rates  are  finite  it  will  result  in  the 
increase  of  an  ionic  saturation  current  compared  with  the  frozen  chemical  reactions.  The 
result  depends  on  the  surface  the  phenomena  which  can  be  shown  mathematically  in 
different  types  of  boundary  conditions  on  the  surface  of  a  probe.  The  reactions  of 
ionisation  -  recombination  can  be  to  a  great  extent  responsible  for  the  distinction  in  the 
concentration  of  the  charged  particles  in  an  acetylene-air  flame  with  alkaline  admixtures. 
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It  is  indirectly  confirmed  by  the  data  [11.16]  obtained  for  plasma  of  flame  with  addition  of 
barium. 

It  is  interesting  to  note  that  the  calculations  made  in  [11.14]  have  shown  that  the  increase 
of  a  probe  current  due  to  chemical  reactions  is  caused  largely  by  a  back  surface  of  a  probe 
than  by  a  front  one.  However  it  is  impossible  to  explain  this  discrepancy  only  by 
influence  of  chemical  reactions.  The  analysis  [11.13]  has  shown  that  the  absence  of 
ionisation  equilibrium  in  a  zone  of  measurements  can  be  another  cause  for  the  difference 
of  equilibrium  values  in  ion  concentration  of  sodium  and  lithium  obtained  from  probe 
measurements. 

§  3.  Experimental  technique  of  probe  measurements 

The  probe  techniques  usually  used  in  the  experiments  have  a  number  of  disadvantages 
limiting  their  application  for  diagnostics  of  dense  plasma  with  a  great  difference  in 
electronic  and  ionic  temperatures.  They  are: 

^  difficulties  in  the  use  for  diagnostics  of  the  pulsed  discharges, 

^  a  probe  overheating  at  large  plasma  densities, 

^  difficulties  in  installing  a  zero  voltage,  etc. 

The  strict  requirements  are  imposed  on  the  source  of  electrical  probe  displacement  and 
scheme  measurements  by  diagnostics  of  dense  plasma  and  the  large  flows  on  probe 
particles  and  energy. 

The  paper  [11.17]  has  offered  the  scheme  of  measuring  pulsed  probe  diagnostics  of 
parameter  of  dense  gas  discharge  plasma.  It  includes  a  single  probe,  scanning  generator 
and  measuring  complex.  The  construction  of  a  probe  is  traditional:  the  anode  of  the 
discharge  chamber  is  chosen  as  a  support  electrode.  The  scanning  generator  consists  of 
two  connected  contours  (1  -  ?  l,  Rp,  VSi,  Cp  and  2  -  Q,,  VS2,  R),  controlled  by  keys  VS2 
and  VS2  having  bilateral  conductivity  (Fig.  1.9).  The  short  circuit  of  the  contour  2  occurs 
through  a  probe  and  studied  plasma.  The  start  and  maintenance  of  semisters  in  a 
conducting  condition  is  carried  out  by  a  terister  key  forming  a  step  of  a  voltage  with 
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duration  exceeding  the  duration  of  a  discharge  pulse.  The  switching  on  the  starting 
terister  and  measuring  circuits  is  made  by  the  generator  of  the  detained  pulses  GZI-6  with 
the  fixed  delays  relative  to  the  pulsed  discharge. 

The  scanning  generator  works  in  the  following  way:  in  the  initial  state  the  memory 
capacity  ?l  is  charged  up  to  negative  potential  cp?,  but  the  common  capacity  of  both 
contours  Cp  is  charged  up  to  positive  potential  cp?  relative  to  the  anode.  As  both  VSi  and 
VS  2  keys  are  in  a  non-conducting  state  a  probe-anode  capacity  is  charged  up  to  potential 
cp  depending  on  the  isolated  probe  potential.  At  the  moment  of  keys  short  circuit 
(opening  of  teristers)  the  probe  voltage  cp?*  is  determined  by  the  signs  of  these  three 
potentials. 


Further  the  capacity  Cp  specifying  voltage  on  a  probe  starts  to  be  charged  negatively  both 
at  the  expense  of  a  current  of  the  memory  capacity  and  at  the  expense  of  a  current  on  a 
probe.  The  parameters  of  elements  of  the  generator  circuit  were  selected  depending  on 
the  expected  electronic  and  ionic  flows  on  a  probe  determined  by  the  concentration  of 
ions  Ni  and  the  temperatures  of  electrons  and  ions  T+,  T.. 
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For  example,  for  the  pulsed  high  current  discharge  with  A^;~10*"^  cm"^  and  T~5-2Q  eV  the 
chosen  parameters  are:  ?  l=6  |iF,  Cp=l,75  |iF,  Rp=10  ?  m,  R=0,  (p?=-(50-70)  V,  (p?=-(40- 
60)  V.  The  scanning  generator  duration  in  this  case  runs  to  20  gs .  The  oscillogram  of  a 
voltage  pulse  formed  by  the  scanning  generator  is  shown  in  Fig.  1.10. 
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Fig.lO  Oscillogram  of  sweep  voltage  for  two  operational  modes  of  the  circuit: 

1  -  the  potential  of  plasma  is  lower  the  anode  potential,  2  -  the  potential  of  plasma  above 
the  anode  one  (a  -  b),  (c  -  d)  -  allotted  works,  where  the  measurements  are  made. 

When  the  values  of  an  energy  flux  density  are  high  the  high-speed  probes  have 
successfully  been  used  during  the  recent  years.  The  design  and  the  scheme  of  controlling 
of  such  probes  allow  to  place  them  into  a  studied  area  quickly  (in  a  fractions  of  a  second) 
and  to  remove  them  from  it  when  the  measurements  come  to  an  end.  The  research  by 
high-speed  probes  with  a  pneumatic  drive  unit  are  being  carried  out  on  installations 
PISCES  (USA)  [1.24]  and  NAGDIS  (Japan)  [1.25],  the  probes  with  an  electromagnetic 
drive  unit  are  used  in  Germany. 
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The  paper  [11.18]  has  described  the  high-speed  probe  for  measuring  parameters  of  plasma 
in  installation  "Lenta"  (Kurchatov  institute,  Russia)  with  the  high  radial  resolution  (30 
points  per  1  cm)  at  the  energy  flux  density  up  to  100  MWW  .  In  installation  "Lenta"  the 
plasma  has  been  formed  when  an  electron  beam  is  passing  through  crossed  electrical  and 
magnetic  fields. 

The  mobile  probe  is  moving  by  gearing  transfer.  Alongside  with  a  quick-response  high 
accuracy  of  position  can  be  achieved  in  contrast  with  pneumatic  or  magnetic  drive  units. 
The  device  for  fast  positioning  of  a  probe  consists  of  the  moving  mechanism,  placed  in 
the  chamber,  step- servo  motor,  rotation  input  and  electrical  input.  The  scheme  of  the 
probe  moving  mechanism  is  shown  in  Fig.  1.11.  It  contains  a  driving  shaft  3  with  a  gear 
wheel  4,  mobile  carriage  8  with  gear  5,  roller  bearing  7  and  directing  support  6.  The 
device  provides  the  following  parameters:  complete  time  of  a  probe  movement  <0,5  s, 
length  of  a  one  side  working  course  >80  mm.  The  Langmuir  probe  10  made  from 
tungsten  wire  is  installed  on  the  mobile  carriage.  The  length  of  the  probe  is  5  mm,  probe 
diameter  is  0,5  mm.  The  ceramic  insertion  from  alund  served  as  electrical  isolation  of  a 
probe. 

The  reciprocal  movement  of  the  device  is  performed  by  the  step- servo  motor.  The  shaft 
of  the  motor  is  connected  by  the  coupler  with  the  rotation  input  2.  The  shaft  rotary 
movement  is  transformed  to  a  reciprocal  movement  of  the  carriage  with  a  probe  by  the 
gearing  transfer  consisting  of  a  gear  wheel,  rigidly  fixed  on  the  shaft,  and  gear,  located  on 
the  carriage. 

As  the  construction  of  the  gearing  cohesion  is  simple  enough  due  to  its  own  reduction  it 
enables  to  choose  the  relation  of  a  rod  motion  and  the  diameter  of  a  wheel  corresponding 
to  the  quick-response  drive. 

The  smooth  carriage  course  is  provided  by  four  roller  bearings  located  on  the  directing 
supports.  The  mobile  carriage  and  the  directing  supports  are  made  of  a  stainless  steel. 
Mass  of  the  carriage  is  equal  700. 
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Fig.1.11  Scheme  of  the  mechanism  of  prohe  transition. 

1  -  motor,  2  -  silphon  input  of  rotation,  3  -  shaft,  4  -  cog-wheel,  5  -  rack,  6  -  guide  lines,  7 
-  frictionless  bearing,  8  -  movable  carriage,  9  -  ceramic  isolation  of  a  probe,  10  -  probe. 

To  determine  a  probe  location  in  the  displacement  mechanism  a  reohord  is  used.  The 
traveller  of  reohord  is  rigidly  connected  to  the  carriage.  The  silvered  wide  sliding 
contacts,  fixed  to  avoid  the  displacement  by  a  brass  coupler  and  a  restricted  screw  are 
placed  on  the  traveller. 

To  control  a  probe  we  use  the  hardware-software  complex  PROSCAN  consisting  of  the 
computer  with  a  plate  PAC-ADC,  controlling  block  of  the  probe  engine,  monitoring 
system  of  the  device  location  and  software.  The  complex  enables  to  change  and  to  check 
a  direction  of  a  probe  motion,  and  to  stop  the  device  in  the  fixed  place. 
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When  the  discharges  formed  by  the  field  of  allocated  sources  (antennas)  are  studied  there 
is  a  problem  of  correct  measurement  of  local  plasma  parameters.  There  are  some 
difficulties  when  the  Langmuir  probe  connected  with  the  recording  equipment  by 
radiofrequency  cables  is  used  for  this  purpose.  In  fact  the  conductors  placed  in  strong 
variable  fields  are  passive  electrical  vibrators. 

Firstly  it  can  result  in  the  appearance  of  the  secondary  discharges  around  them  and  that 
would  change  distribution  of  currents  and  charges  on  the  studied  antenna.  By  experience 
the  influence  of  well  conducting  cables  could  be  so  strong  that  the  structure  of  the 
antenna-discharge  system  and  accordingly  the  characteristics  of  an  emitter  can  be 
changed. 

Secondly,  as  we  detect  the  large  variable  electromotive  force  between  plasma  and  the 
ground,  the  appreciable  additional  current  deforming  the  true  current-voltage 
characteristic  of  a  probe  occurs  on  non-linear  probe  layer. 

The  perturbations  of  studied  system  and  distortion  of  the  probe  characteristics  can  be 
reduced  considerably  when  we  exclude  the  radio-frequency  cables  from  construction  and 
supply  the  optical  control  for  a  probe  feeding  and  transfer  of  the  information  on  a  probe 
current  and  voltage  into  the  recording  equipment. 

In  the  paper  [II.  19]  the  construction  of  a  probe  with  the  information  transfer  on  a  light 
guide  and  induction  feeding  is  described.  This  construction  in  contrast  with  a  feeding 
from  accumulators  enables  to  establish  a  voltage  on  a  probe  when  the  size  of  the  data  unit 
as  a  whole  is  small  enough.  Such  probe  was  used  to  measure  parameters  of  the  high- 
frequency  discharge  created  on  the  thin  metal  antenna  at  low  air  pressure.  The  antenna  is 
a  metal  rod  of  70  cm  in  length  and  1  mm  in  diameter  made  in  a  ray  Ion  shell  of  2  mm  in 
diameter.  The  antenna  was  placed  in  the  glass  chamber  of  1  m  in  length  and  20  cm  in 
diameter.  The  air  pressure  in  the  chamber  is  varied  from  0.1  up  to  1  Torr.  The  antenna 
was  excited  by  the  HF  generator,  with  frequencies  equal  to  1-6  MHz. 

The  probe  device  is  shown  in  Fig.  1.1 2.  The  probe  is  mounted  in  the  dielectrical  ring  case 
with  external  and  internal  diameters  of  6  cm  and  5  cm  accordingly  and  height  0,5  cm. 
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The  frame  multi-coil  antenna  is  stacked  in  the  case  and  the  radio-circuit  is  built-in.  The 
antenna  excitation  is  performed  by  a  alternative  magnetic  field  created  by  Helmholtz 
solenoids  which  are  outside  of  the  discharge.  The  detected  voltage  from  the  antenna 
moves  on  the  electrodes  of  a  probe  and  supplies  the  amplifier  of  a  probe  current.  The 
signal  from  the  amplifier  output  operates  a  light-emitting  diode.  The  signal  from  a  light- 
emitting  diode  is  transferred  to  the  photo-detector  by  light  guide.  The  voltage  on  the 
electrodes  of  a  probe  is  varied  by  the  change  of  a  magnetic  field  of  Helmholtz  solenoids. 
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Fig.l2  Probe  construction. 

1  -  probe  body,  2  -  radiocircuit  elements,  3  -  frame  antenna,  4  -  probe  electrodes, 

5  -  insulators,  6  -  light-guide,  7  -  light-emitting  diode,  8  contacts  of  an  external  probe  feed 
used  for  graduation,  9  -  glass  tube,  10  -  light  intercepting  dielectric  tube. 
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The  measuring  circuit  was  calibrated  before  making  measurements.  To  registrate  the 
calibration  curves  the  known  ohmic  resistance  and  a  microammeter  were  first  connected 
to  the  probe  electrodes.  In  doing  so  the  feeding  of  the  probe  electronic  circuit  was 
performed  from  an  external  source  of  constant  voltage  that  enables  to  establish  the 
correlation  between  a  probe  current  and  the  voltage  on  an  output  of  the  photo-detector. 
Then  a  microammeter  and  external  feeding  were  disconnected,  and  the  probe  with  the 
connected  resistor  was  located  in  a  field  of  Helmholtz  solenoids.  It  allowed  to  find  the 
correlation  between  a  voltage  of  a  probe  feeding  and  a  voltage  on  an  output  of  the  photo¬ 
detector.  Two  calibration  curves  were  made  based  on  the  obtained  dependencies.  The 
first  curve  reflected  the  correlation  between  a  voltage  of  the  feeding  generator  and 
voltage  on  a  probe,  the  second  one  reflected  the  correlation  between  a  voltage  on  an 
output  of  the  photo-detector  and  a  probe  current. 

The  high-frequency  field  near  the  antenna  was  directed  basically  on  a  radius.  The 
perpendicular  arrangement  of  electrodes  to  a  radial  component  of  a  field  has  enabled  to 
minimize  a  high-frequency  potential  difference  between  them. 

The  authors  of  the  article  [11.19]  have  noted  that  the  investigated  structure  is  very 
sensitive  to  the  presence  of  diagnostic  devices  in  the  area  of  the  discharge.  Their 
presence  could  result  in  the  change  of  number  and  shape  of  standing  wave  loops  and  lead 
to  low-frequency  modulation  of  the  discharge,  etc.  These  effects  are  easily  observed  even 
visually.  The  perturbations  of  the  discharge  were  very  strong  when  probes  with  radio 
engineering  cables  were  used  whereas  the  application  of  the  described  probe  as  a  rule  did 
not  lead  to  any  essential  distortions  in  the  discharge  structure. 

The  density  and  temperature  of  plasma  were  measured  in  [11.19]  by  the  described  probe. 
The  typical  probe  curve  (Fig.  1.1 3)  was  obtained  for  the  following  experimental 
conditions:  pressure  in  the  chamber  is  equal  to  0,5  Torr,  frequency  of  a  signal  stimulating 
the  antenna  f=5  MHz,  amplitude  of  a  voltage  on  an  input  of  antenna  is  equal  to  300  V, 
area  of  a  probe  surface  S=0,5  cm .  The  values  of  concentration  and  temperature  of 
electrons  obtained  accordingly  to  the  standard  procedure  are  equal  to  Noo~5  10^  ??  ‘^, 
r,-3  eV. 
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Fig.1.13  Experimental  probe  curve. 
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CHAPTER  II  EXPERIMENTAL  SETUP 


§  1.  Draft  scheme  of  the  experimental  setup 

Draft  scheme  of  the  experimental  setup  for  development  and  testing  of  diagnostic 
methods  is  shown  in  Fig.2.1.  The  experimental  setup  is  built  around  a  stainless  steel 
cylindrical  gas/vacuum  chamber.  The  chamber  is  three  meters  long  and  one  meter  in 
diameter.  It  consists  of  two  sections  that  can  form  a  vacuum-tight  junction  with  help 
of  a  lever-operated  gate.  At  the  installation  and  adjustment  of  diagnostic  and 
experimental  equipment  inside  the  chamber  its  section  can  be  easily  separeted. 
Twenty-six  windows  with  different  diameters  (10-50  cm)  are  located  on  its  lateral 
surface,  that  allows  to  visualize  discharge  processes  and  to  provide  the  vacuum-tight 
transport  of  electric  current  and  electric  signals. 

The  supersonic  channel  was  mounted  along  chamber’s  vertical  diameter.  The  outside 
end  of  the  channel  was  connected  with  the  compressor  through  the  electric  valve.  A 
vacuum  pumps  allow  to  achieve  a  pressure  into  chamber  up  to  1  Torr.  Supersonic 
flow  was  formed  in  the  test  channel  (or  in  the  chamber)  by  opening  an  electric  valve 
and  filling  with  the  air  or  air-propane  mixture  through  a  converging-diverging  nozzle 
with  Mach  number  M  =  2.  A  cylindrical  dielectric  nozzle  had  diameter  of  its  critical 
cross  section  15.4  mm  and  an  outlet  diameter  26  mm. 

The  pressure  in  the  gas/vacuum  chamber  was  varied  in  a  range  p  =  10  -  500  Torr.  The 
pressure  in  the  receiver  of  the  compressor  was  varied  in  a  range  po  =  1-10  atm.  The 
flow  duration  was  about  1  -  2  seconds. 

The  experiments  were  carried  out  for  the  direct  current  (DC),  pulse-periodic  (PP) 
discharges  and  pulse  plasma  jets. 

The  DC  discharge  was  fed  by  a  controlled  electric  power  source  with  voltage  up  to  5 
kV  and  current  up  to  10  A. 

The  pulsed  periodic  discharges  was  fed  by  a  power  supply  unit  with  voltage  up  to  24 
kV,  current  up  to  40  A,  pulse  duration  1  -  500  |is,  repetition  rate  1  -  1000  Hz,  maximal 
pulsed  power  up  to  1  MW  and  average  power  consumption  about  1  kW. 


The  plasmadynamic  discharge  was  created  with  use  of  a  magnetoplasma  compressor 
type  electrode  unit.  The  pulse  energy  was  stored  in  a  100  pF  capacitor  which  was 
charged  by  the  power  supply  unit  up  to  the  voltage  of  5  kV.  The  pulsed  discharge 
switch  joined  the  capacitor  and  magnetoplasma  compressor  type  electrode  unit. 

The  valve  and  power  supplies  (and  also  recording  equipment)  was  controlled  the 
system  of  a  synchronization  (see  §3,  on  the  block  scheme  is  not  shown). 

The  complex  of  diagnostic  methods  was  used  for  a  measurement  of  microscopic 
parameters  of  the  discharges: 

•  schlieren  method 

•  high-speed  photography 

•  probe  method 

•  spectroscopic  methods 

•  microwave  method 

A  schlieren  setup  was  used  for  the  supersonic  airflow  visualization . 

High-speed  photography  was  used  for  the  investigation  of  dynamics  of  pulse-periodic 
discharge. 

The  electrical  probes  were  used  for  a  measurement  of  a  plasma  density,  floating 
potential  and  electric  field  in  plasma.  The  special  scheme  of  a  PC-controlled  double 
probe  with  an  optocouple  galvanic  isolation  on  base  of  a  fiber  optical  waveguide  was 
performed  in  frame  of  project.  Measured  signals  were  registered  by  the  digital 
oscilloscope  based  on  module  of  analog  input  /  output  and  two-channel  broadband 
submodule  of  analog  input  ADM212  50  M  with  personal  computer  IBM  Pentium  III, 
and  also  digital  storage  oscilloscope  Tektronix  TDS-210. 

In  the  second  type  of  the  circuit  the  optical  output  is  formed  with  an  optocoupler,  and 
the  exchange  of  signals  with  the  computer  is  carried  out  through  standard  computer 
cable.  The  voltage  between  the  probes  at  the  measurement  of  the  probe  characteristics 
was  changed  stepwise  by  the  computer. 

A  PC-controlled  analyzer  of  optical  spectra  based  on  a  spectrograph  was  used  for 
registration  of  plasma  radiation  spectra.  The  sensor  of  plasma  radiation  based  on  CCD 


image  sensor  Toshiba  TCD  1300D  forms  a  video  signal  directly  proportional  to  the 
radiation  intensity  in  the  spectral  band  300  -  900  nm.  The  measured  spectra  were  used 
for  determination  of  gas  temperature  and  electron  density. 


Fig.2.1.  Draft  scheme  of  the  experimental  setup. 


For  independent  measurements  of  plasma  electron  density,  a  microwave  (X  =  8  mm) 
interferometer  was  used.  Double-beam  pulsed  storage  oscilloscopes  C8-17  with  a  pass 
band  10  MHz  and  sensitivity  1  mV/cm  were  used  for  registration  of  wave-form  of  the 
microwave  interferometer  signals. 


§  2.  Air  duct 


2.1  The  test  channel 

Study  of  plasma  formation  under  electrical  discharge  is  conducted  in  round  cross 
section  duct  (Fig. 2. 2.),  which  is  varied  along  the  length  and  consists  of: 
section  where  mixing  of  air  and  fuel  is  provided; 
supersonic  contoured  nozzle  of  nominal  M=  2.0; 

insulator  section  of  constant  23  mm  diameter  (constant  cross  section  Fins)  and  150 
mm  maximal  length; 

combustor  section  of  constant  cross  area  2Fins. 

The  test  channel  was  mounted  in  vacuum  chamber  and  fixed  to  flanges  of  chamber 
windows,  but  the  position  of  channel  along  the  vertical  axis  could  be  changed, 
providing  possibility  visual  observation  of  flow  field  and  discharge  in  channel  and 
measurements  of  gasgynamic  flow  parameters.  To  provide  starting  of  duct  and  on- 
design  flow  regime  the  initial  pressure  in  vacuum  chamber  was  decreased  down  to 
-5x10"  bar  and  it  was  increased  during  the  run  affecting  on  flow  in  isolator  section. 
In  so  doing  time  of  the  run  is  defined  by  the  time  of  filling  the  vacuum  chamber  of  3 
m  volume. 

Gaseous  fuel  is  supplied  into  the  mixer  in  channel  receiver  installed  and  is  mixed  with 
air  mainly  before  the  nozzle  critical  cross  section.  In  accordance  with  the  preliminary 
researches  mixing  completeness  of  considered  mixer  is  approximately  95-98  %  as 
mixing  process  is  realized  by  four-staged  consecutive  mixing  of  supplied  fuel  with 
swirl  air  flow,  injected  with  the  velocity  on  the  level  one  up  to  100  m/s.  Receiver 
diameter  was  accepted  equal  to  64  mm  according  to  conditions  of  placement  and 
effective  operation  of  mixer.  The  angle  of  nozzle  subsonic  part  is  equal  to  45  degrees. 
Nozzle  exit  diameter  was  chosen  equal  to  23  mm  and  based  on  condition  that  inner 
diameter  of  quarts  combustor  tube  is  34  mm  and  insulator  cross  section  area  is  one 
half  of  combustor  area.  Diameter  of  nozzle  critical  cross  section  inserts  is  chosen 
equal  to  17.0  mm  with  taking  into  account  of  boundary  layer  thickness.  Fuel/air 
mixture  is  accelerated  in  supersonic  nozzle  and  further  comes  along  the  insulator 
section  of  150  mm  maximum  length.  Radiuses  of  subsonic  and  supersonic  parts  of 
nozzle  insert  were  accepted  equal  to  14  mm  and  4  mm  correspondingly.  Nozzle 
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Fig.2.2  Schematic  of  test  channel 

1  -  fuel  supply,  2  -  air  supply,  3  -  mixer,  4  -  supersonie  nozzle,  5  -  seetion  ?  1  («insulator»),  6 
plasma  generator,  7  -  combustor  (section  ?  2),  8  -  measurement  section 


Fig.2.3.  Photo  of  the  test  channel  in  installed  vacuum  chamber 

1  -  subsonic  part  of  the  channel,  2  -  mixer,  3  -  receiver,  4  -  insulator  channel,  5  -  connecting 
unit  (discharge  chamber),  6  -  combustor,  7  -  electrodes  of  plasma  generator 


inserts  were  manufactured  from  aluminum  alloy.  Insulator  involves  the  section  from 
insulated  and  radio-transparent  (plexiglas)  material  manufactured.  This  section  is  used 
for  connection  of  insulator  channel  and  quartz  combustor  tube  and  for  installation  of 
plasma  generators.  The  centering  and  fixation  of  quartz  tube  is  provided  by  ribbon 
sealings. 

The  constant  area  section  (#2),  that  is  combustor,  following  the  insulator  section  was 
manufactured  from  quartz  tube  of  32  mm  inner  diameter  and  ~  4  mm  wall  thickness 
for  visualization  of  flow  field  and  electric  discharge.  The  area  of  #2  section  is 
increased  two  times  in  comparison  with  insulator  section  to  avoid  heat  choking  in  case 
of  air/fuel  mixture  combustion. 

2.2  Air  storage  and  supply  system. 

This  system  involves  (Fig. 2.3): 

vessel  of  200  litres  volume  with  compressor  device  on  it  installed,  which  increases 
the  air  pressure  up  to  12  bar; 

reducer,  manometer  and  pressure  gauge; 

electric  valve  of  time  operation  x~lms. 

Air  system  provides  quasi-stable  flow  regime  during  1-3  seconds  at  ambient  total 
temperature  and  total  pressure  Ptr=2-6  bar.  For  the  regime  when  Ptr=l  bar  the  air 
supply  system  provides  the  air  into  the  test  channel  during  1-3  seconds  through 
electric  valve  on  vacuum  chamber  installed.  In  case  of  regime  when  air  pressure  more 
than  atmospheric  one  the  electric  valve  is  connected  to  the  air  high-pressure  system. 

2.3  Fuel  storage  and  supply  system 

The  propane  supply  system  consists  of  a  standard  propane  tank,  the  gasification 
vessel,  valves,  injector  and  mixing  chamber  (Fig.  2.4.).  The  gasification  vessel  is 
needed  for  providing  definite  initial  gas  pressure  and  for  determination  of  propane 
flow  rate.  The  necessary  level  of  the  flow  rate  is  changed  mainly  by  means  of 
throttling  orifice  diameter  at  the  injector  entrance.  The  orifice  diameter  is  diminished 
when  combustor  fuel/air  equivalence  ratio  (3  of  mixture  is  large  (d~2  mm  at  (3-0.5).  In 
this  case  pressure  in  gasification  chamber  is  sufficiently  large  (4-8  bar)  for  nearly 
constant  fuel  flow  rate  during  the  test  run  (2-3  sec)  and  the  exact  pressure  drop 
measuring  is  possible. 


Fig.  2.4.  Schematic  of  air  high  pressure  system 

1  -  compressor  and  high  pressure  air  tank  (Pt<12atm),  2  -  pressure  gauge,  3  -  manometer, 
4  -  locking  tap,  5  -  electric  valve,  6  -  air  to  channel,  7  -  fuel,  8  -  to  mixer,  9  -  test 

channel 


Fig.  2.5.  Schematic  of  fuel  storage  and  supply  system 

1  -  fuel  balloon  (V=50  liters),  2  -  locking  tap,  3  -  reducer  (control  valve),  4  -  fuel 
receiver  (V=10  liters),  5  -  Ch-?  thermocouple,  6  -  manometer,  7  -  pressure  gauge,  8  - 
electric  valve  (Di=6mm),  9  -  fuel  throttling  nozzle,  10  -  fuel  into  the  mixer 


Fuel  injector  and  mixing  chamber  have  some  swirlers  to  provide  homogeneous 
mixture  resulted  at  rather  large  air  pressure  drop  (Apc/pc~10%).  Connector  manifolds 
-  flexible  or  steel  -  are  used  between  the  fuel  tank,  valves  and  injector.  Inner  diameter 
of  fuel  pipe  is  6  mm,  excepting  local  contractions  in  valves  and  in  throttling  unit. 

Fuel  supply  system  operates  by  the  next  steps:  1  -  to  suck  off  the  air  from  the 
gasification  vessel,  2  -  to  fill  this  vessel  by  the  gaseous  fuel  through  the  reducing 
valve  till  working  pressure,  3  -  to  wait  some  time  till  the  gas  takes  room  temperature 
in  closed  volume,  4  -  to  open  the  electric  valve  during  the  run  time. 

Tests  of  fuel  system  were  conducted  and  it  was  concluded  this  system  is  ready  for 
researches  with  required  fuel/air  mixtures. 

2.4.  The  schlieren  setup 

The  schlieren  setup  was  used  for  determination  of  a  flow  structure  and  Mach 
numbers.  The  optical  schematic  of  setup  is  given  in  a  Fig.2.6  .  Xenon  or  incandescent 
lamps  (1)  were  used  as  sources  of  light.  The  pulse  duration  of  light  is  equal  1  |is,  if 
xenon  lamp  was  used.  The  lamp  radiation  with  the  help  of  lens  optics  was  focused  on 
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entrance  aperture  of  setup  (2).  The  area  of  a  round  aperture  was  equal  1  mm  . 
Aperture  was  placed  in  focal  plane  of  a  long-focus  objective  (F  =  1500  mm)  (3), 
forming  light  beam  by  diameter  15  cm.  Illumination  of  beam  on  the  sectional  area  was 
uniform.  The  axis  of  symmetry  of  light  beam  was  superposed  with  centers  of 
windows  of  pressure  chamber  (4). 

After  pressure  chamber  the  light  beam  was  focused  on  exit  aperture  (5)  by  the  long- 
focus  lens  (F  =  1500  mm)  (3a).  The  sectional  area  of  exit  aperture  was  equaled  1  mm^ 
too.  A  schlieren  picture  was  registered  by  the  camera  (6). 

The  synchronization  of  xenon  lamp  was  realized  from  camera.  The  special  metal 
wedge  was  located  along  axis  of  flow  in  area  of  light  beam  for  visualization  and 
definition  of  Mach  corner. 
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Fig.2.6.  The  optical  schematic  of  schlieren  setup: 

1  -  xenon  or  incandescent  lamps;  2  -  entrance  aperture;  3  -  long-focus  objective;  3a  - 
long-focus  lens;  4  -  windows;  5  -  exit  aperture;  6  -  camera;  ^  air  from  receiver 
of  compressor;  7  -  pneumovalve;  8  -  Laval  nozzle. 

The  various  modes  of  the  outflow  and  structure  of  stream  were  investigated.  The 
various  modes  of  setup  operations  are  shown  in  Fig.  2.7  as  an  example.  One  can  see 
that  influence  of  electrodes,  which  were  placed  near  to  outflow  face  of  Laval  nozzle, 
on  structure  of  stream  is  rather  essential. 

The  Fig. 2.7. a  and  2.7.d  correspond  to  modes  of  nozzle  operations  with  overexpansion, 
when  the  pressure  in  outflow  face  of  nozzle  is  less  than  pressure  of  air  in  pressure 
chamber.  The  oblique  shocks  departing  from  electrodes  and  units  of  their  fastening 
are  well  visible  in  Fig.2.7a  especially.  The  Fig.2.7.c  correspond  to  mode  of  nozzle 
operations  with  underexpansion  and  Fig.2.7.b  correspond  to  rated  conditions  of  nozzle 
operations.  The  influence  of  electrodes  and  units  of  their  fastening  inside  of  nozzle  on 
structure  of  flow  is  expressed  rather  strongly  in  all  cases. 


a  -  The  pressure  of  air  in  pressure  chamber.P  =  200  Torr  (with  electrodes),  the 
pressure  in  receiver  of  compressor  Po  =  4  atm.; 
b  -  P  =  100  Torr  (without  electrodes),  Po  =  1  atm.; 
c  -  P  =  100  Torr  (without  electrodes),  Po  =  4  atm.; 
d  -  P  =  500  Torr  (without  electrodes),  Po  =  4  atm. 


§3.  Synchronization  and  Power  Supply  Systems 

The  total  system  of  synchronization,  which  has  been  applied  in  the  current 
installation,  made  it  possible  to  carry  out  experimental  measurements  in  three 
independent  work  regimes:  a  pulsed  periodical  regime  for  the  electrode  plasma 
discharge  power  supply,  a  single  pulse  regime  for  plasma  generation  by  the  pulsed 
plasmatron,  and  a  regime  of  the  DC  plasma  discharge. 


3.1  The  electronic  circuit  of  switching  on  of  the  airflow  valve 

The  electronic  circuit  of  switching  on  of  the  airflow  valve  was  the  main  control 
element  at  all  the  three  regimes  of  the  system  of  synchronization.  Draft  temporary 
dependencies  for  parameters  in  this  electronic  circuit  are  presented  in  Fig.  2.8. 
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Fig.2.8. 

As  the  trigger  button  was  on,  the  electron  relay  reacted,  a  current  Ivi  appeared  in  the 
winding  of  the  air  valve  magnet,  and  the  valve  was  set  open.  Some  x  ~  0,2  s  later, 
another  electron  relay  supplied  the  valve  of  the  gas  flow,  current  Iv2  appeared  in  its 
winding,  and  the  gas  valve  was  also  set  open.  As  the  magnet  starting  current  exceeded 
the  magnet  normal  current,  one  more  relay  switched  on  an  additional  resistance 
sequentially  with  the  magnet  winding  with  a  delay  Ati.  This  very  relay  produced 


either  a  Xs-long  pulse,  which  switched  on  the  high-speed  photo  camera,  or  a  100-|is 
pulse,  which  switched  on  the  synchronization  scheme  (Ut)  (in  case  of  measurements 
without  photographic  registration).  The  delay  between  the  moments  of  opening  the 
valves  and  the  pulse  of  switching  on  the  synchronization  scheme  was  Ati  =  0,1  -r  1  s. 
It  was  chosen  to  meet  the  condition  of  achievement  of  the  steady  flow  of  air  or  the 
gas-air  mixture.  The  time  period  when  the  air  valve  was  open,  and  that  of  the  gas 
valve,  could  be  varied  in  a  range  of  Xi  =  1-^  5  s.  The  gas  valve  always  was  opened  a 
little  later  and  closed  At2  =  0,2  s  earlier  than  the  air  valve,  and  a  condition  Xi  >  X2  was 
always  met.  The  working  period  X3  of  the  high-speed  photo  camera  was  practically 
equal  to  the  time  period  when  the  air  valve  was  open. 

3.2  Scheme  of  synchronization  for  the  pulsed  periodical  discharge 

A  schematic  diagram  of  synchronization  for  the  pulsed  periodical  discharge  regime  is 
presented  in  Fig. 2.9.  Consider  at  first  the  option  of  measurements  without 
photographic  registration. 

The  starting  pulse  was  generated  by  the  electronic  circuit  of  opening  the  valves  (1),  it 
entered  the  input  of  the  multi-channel  delay  generator  (2),  which  made  it  possible  to 
control  continuously  (with  a  discretion  of  about  2  ms)  the  delay  of  an  output  pulse 
relatively  an  input  pulse.  The  delayed  output  signal  (x  ~  0,2|is  long)  entered  the  input 
of  the  system  of  control  of  the  synchronization  circuit,  which  contained  two  units:  the 
control  circuit  itself  (4),  and  a  pulse  generator  with  a  stable  repetition  rate  (3). 
Synchronization  pulses  were  generated  in  two  independent  outputs  of  the  control 
circuit,  they  entered  the  starting  inputs  of  intermediate  generators  7-5-54(5)??- 
5 -27?  (12). 

The  signals  from  the  first  generator  (5),  on  the  one  hand,  switched  on  the  control 
oscilloscope  (1 1),  on  the  other  hand,  switched  on  (with  a  certain  delay  in  a  range  of  40 
80  |is)  the  input  stage  of  the  generator  of  high  voltage  pulses.  The  amplified  signal 
from  the  input  stage  entered  the  cathode  follower  (7),  then  the  modulator  driver  (8), 
the  signal  of  which  switched  on  the  output  modulator  (9).  The  modulator  generated  5 
-r  25-kV  pulses,  which  were  transported  to  the  electrode  unit  (10)  through  a  coaxial 
cable.  The  pulse  duration  was  controlled  by  the  generator  ?  -5  -54  (5),  it  could  be 
varied  in  a  range  of  l|is...l  ms. 


Fig.2.9. 

The  cathode  follower  output  signal  also  entered  the  input  of  the  oscilloscope  (11)  for 
supervision  of  the  modulator  pulse  shape. 

The  second  intermediate  multi-channel  generator  ?-5-27?  (12)  switched  on  the 
registering  oscilloscopes  in  a  pre-determined  moment  of  time.  It  was  started  by  a 
pulse  of  a  separate  output  channel  of  the  synchronization  control  circuit.  The  output 
signal  from  the  synchronized  pulse  channel  of  this  generator  switched  on  the  pulsed 
storage  oscilloscope  7-8-17  (17)  practically  with  no  delay.  This  oscilloscope 
registered  the  discharge  current  and  voltage  (Id  and  Ud).  Two  more  output  channels  of 
this  generator  provided  delayed  synchronized  pulses,  which  switched  on  oscilloscopes 
(13)  and  (15)  used  for  measuring  various  probe  characteristics.  The  delay  time 
relatively  the  discharge  starting  moment  could  be  varied  from  10  |is  to  2  ms.  This 
delay  was  determined  primarily  by  the  time  of  drift  of  the  discharge  plasma  in  the  gas 
flow  from  the  electrodes  to  a  place  where  probes  were  fixed,  or  radiation  spectra  were 


measured.  In  order  to  minimize  the  electromagnetic  noise,  and  to  stabilize  the 
synchronization,  an  optron-based  optical  isolation  was  applied  for  transport  of  starting 
signals  of  the  oscilloscopes  (13)  and  (15). 

In  case  of  operation  of  the  set  up  with  photo  registration  of  the  phenomena  under 
investigation,  the  initial  stage  of  synchronization  process  was  somewhat  different.  In 
this  case,  the  electronic  unit  of  control  of  the  air  valve  generated  a  starting  pulse  (Ur), 
which  entered  the  input  of  the  unit  (18)  of  control  of  the  high-speed  photo.  In  a  certain 
moment  this  unit  produced  a  synchronization  pulse  corresponding  to  the  starting 
moment  of  registration  of  the  plasma  phenomenon  on  a  photo  film.  This  very  pulse 
was  applied  for  starting  the  generator  (2).  After  that,  the  synchronization  system 
operated  in  the  same  way  as  in  the  previous  case. 

Consider  operation  of  the  system  of  control  of  the  synchronization  circuit  in  more 
details.  Fig.2.10  shows  the  corresponding  temporary  dependencies  of  pulses  that 
switch  on  different  parts  of  the  circuit. 

The  synchronization  pulse  generator  (3,  Fig. 2.9)  formed  a  continuous  sequence  of 
pulses  (Ug)  with  a  fixed  frequency,  which  could  be  chosen  in  a  range  from  1  to  10® 
Hz.  Each  of  the  pulses  was  1  |is  long,  its  rising  time  was  10-r40  ns.  Such  a  low  rising 
time,  together  with  high  stability  of  the  repetition  rate,  provided  a  high  time  base 
accuracy  of  the  signals  that  switch  on  different  parts  of  the  circuit. 

The  sequence  of  pulses  was  guided  to  the  input  of  the  control  system  (4),  which  was 
initially  closed.  As  the  signal  (Uti)  of  starting  of  the  control  system  was  formed  by  the 
generator  (2),  the  trigger  (which  had  been  keeping  closed  the  system  input)  was  set 
open,  and  the  control  system  started  to  work  with  a  packet  of  a  certain  number  of 
pulses  (Us),  beginning  from  the  first  one  after  the  moment  of  opening.  The  number  of 
pulses  in  a  packet  could  be  varied  in  a  range  of  1...10"^  with  a  step  from  1  to  100, 
respectively  (in  the  Fig.2.10,  this  number  is  equal  to  five).  The  last  pulse  closed  the 
trigger. 


and  the  system  returned  into  the  initial,  closed  state.  Under  conditions  of  the  current 
experiments,  the  frequency  of  pulses  of  the  synchronization  pulse  generator  was  10 
Hz,  and  the  number  of  pulses  in  a  packet  was  varied  in  a  range  of  20... 30,  which  was 
determined  by  the  time  of  open  state  of  the  air  valve  (2.. .3  s). 

The  packet  of  pulses  (Ut2)  entered  the  input  of  the  generator  (5).  Signals  with  no  delay 
from  one  of  the  outputs  of  the  generator  switched  on  the  oscilloscope  (11),  which  was 
used  for  supervision  of  shape  of  the  high-voltage  signal  of  the  modulator.  Signals  with 
Ati  =40  -r  80  |is  delay  from  another  output  of  the  generator  switched  on  the  generator 
of  high-voltage  pulses  -  the  modulator  (Um).  Thus,  the  repetition  rate  of  the  high- 
voltage  pulses,  which  energized  the  discharge,  was  controlled  by  the  synchronization 
pulse  generator,  their  number  in  the  packet  was  controlled  by  the  synchronization 
control  system,  and  their  length  was  controlled  by  the  generator  (5),  it  could  vary 
from  5  |is  to  1  ms. 

In  order  to  start  the  oscilloscopes,  which  operate  in  a  pulsed  (single  time)  regime  (13, 
15  and  17,  Fig. 2. 9),  one  of  the  packet  pulses  was  applied.  For  so  doing,  one  of 
electronic  units  of  the  synchronization  control  system  selected  one  pre-determined 
pulse  (1-st,  or  2-nd,  ...,  or  last).  The  choice  of  the  of  starting  pulse  number  depended 
on  the  discharge  type  and  the  position  of  registering  probes. 

The  selected  signal  from  a  separate  output  channel  of  the  synchronization  control 
circuit  was  applied  to  start  the  many-channel  generator  ?  -  5  -  27?  (12).  The  pulse 
from  the  synchronization  output  of  this  generator  with  practically  no  additional  delay 
started  the  oscilloscope  17,  see  Fig.  2.9,  which  registered  the  discharge  current  and 
voltage  (Uts).  The  other  two  output  channels  of  the  generator  (12)  formed  starting 
pulses  (Ut4)  and  (Uts),  which  were  transported  with  the  optical  isolation  to  the 
oscilloscopes  (13  and  15,  Fig.2.9),  which  registered  various  probe  characteristics.  For 
these  channels  it  was  possible  to  choose  independent  delay  of  the  output  relatively  the 
input  in  ranges  At2  =  10  2000  |is  and  Ats  =  10  1000  |is.  The  actual  delay  time 

depended  on  the  plasma  time  of  flight  in  the  airflow  from  the  electrodes  to  a  position 
of  the  probe  or  to  a  position  of  plasma  radiation  registration  at  spectral  measurements. 


3.3  Power  supply  of  the  pulsed-periodical  discharge 


The  pulsed-periodical  discharge  was  formed  with  use  of  the  source  of  high-voltage 
pulses  (modulator)  on  base  of  partial  discharges  of  a  capacitor.  Its  output  stage 
schematic  diagram  is  presented  in  Fig. 2. 11.  It  works  in  the  following  way.  In  the 
initial  state,  a  negative  bias(Eci)  is  applied  to  the  control  electrode  of  the  modulator’s 
lamp  (L),  and  the  latter  is  closed,  its  current  is  equal  to  zero.  Then  the  capacitor  ?  i  = 
1,6  pF  is  being  charged  through  a  resistor  Ri  =  25  kQ  and  a  diode  D,  the  final  voltage 
is  that  of  the  power  supply  source  Uo  =  5  -r  25  kV.  In  a  certain  synchronized  moment 
of  time,  a  positive  pulse  is  applied  to  the  control  electrode  through  a  capacitor  ?  2,  this 
pulse  opens  the  the  modulator’s  lamp.  The  capacitor  starts  to  discharge  through  the 
open  lamp  and  a  matched  load  resistance  R6  =  3,5  kQ.  Then  a  high-voltage  pulse  of 
negative  polarity  is  formed  on  this  resistor.  The  discharge  circuit  containing  the 
electrodes  and  the  discharge  gap  is  connected  by  a  coaxial  cable  (a  -  b)  in  parallel  to 
the  load  resistor.  Thus,  if  the  modulator’s  lamp  is  open,  the  high  voltage  is  applied  to 
the  electrodes,  and  breakdown  and  sequent  gas  discharge  take  place. 


Uo  Ri  Cl 


The  time  of  charging  of  the  capacitor  ?  1  depends  on  the  time  constant  x  =  40  ms  of 
the  circuit  Ri  ?  1,  and  the  time  of  discharge  depends  on  the  time  constant  of  the  circuit 
R6  ?  1  and  the  time  of  opening  of  the  modulator’s  lamp.  Thus,  the  discharge  duration 
is  determined  entirely  by  the  duration  of  the  synchronizing  pulse  (x?),  which  enters  the 


input  of  the  output  stage,  if  x?  »  l/ReCi.  Under  this  condition,  the  voltage  of  the 
capacitor  ?  i  holds  practically  equal  to  Uo  during  all  the  discharge.  If  the  magnitude  of 
X?  is  comparable  with  the  time  constant  of  the  R6?  icircuit,  then  the  capacitor  voltage 
decays  during  the  discharge  period.  To  provide  the  normal  regime  of  work  of  the 
modulator’s  lamp,  a  constant  positive  bias  is  applied  to  its  screening  electrode.  To 
provide  it,  a  constant  voltage  power  source  Eci  and  a  circuit  containing  resistors  R4, 
R5  and  a  capacitor  C3  are  applied. 


Fig.  2.12. 

3.4  Electrical  scheme  of  the  pulsed  discharge  connection 

Fig.  2.12  presents  the  electrical  schematic  of  the  pulsed  discharge  connection.  The 
discharge  current  in  the  inter-electrode  gap  (1)  could  be  varied  by  a  choice  of  a  ballast 
resistor  R7  =  0  -^500  Q..  The  discharge  voltage  was  measured  with  use  of  a  potential 
divider  on  base  of  low-inductance  resistors  Rs,  R9  with  the  ratio  coefficient  k  =  800. 
The  signal  registered  on  the  resistor  R9  was  transported  to  one  of  the  channels  of  the 
two-ray  pulsed  memory  oscilloscope  7-8-17.  To  measure  the  discharge  current,  a 
shunting  resistor  Rio  =  0,16  kl  was  connected  in  parallel  with  the  electrodes.  Rio  is 
much  less  than  the  plasma  column  resistance.  The  signal  from  the  resistor  Rio  was 
transported  to  the  second  channel  of  the  oscilloscope  7-8-17. 


3.5  Synchronization  scheme  of  plasmadynamic  discharge 


Fig.  2.13  shows  the  electrical  schematic  of  synchronization  of  work  of  different  parts 
of  the  installation  at  studying  of  interaction  with  supersonic  airflow  of  the  plasma 
generated  by  the  pulsed  plasmatron  (the  plasmadynamic  generator  of  plasma). 


Fig.  13 


Analogously  to  the  case  of  the  pulsed-periodical  discharge,  the  synchronization 
system  provided  measurements  in  two  regimes  -  with  and  without  photo  registration 
of  the  plasma  processes.  In  both  cases  the  main  control  element  of  the  synchronization 
circuit  is  the  control  electronic  circuit  of  the  air  valve  (1),  which  is  used  for 
organization  of  the  airflow.  In  the  case  of  experiments  with  no  photo  registration,  the 
valve  control  circuit  forms  a  starting  pulse,  which  is  delayed  relatively  the  valve 
opening  moment  for  about  0.5  s  (as  well  as  in  the  case  of  pulsed-periodical 
discharge).  This  pulse  starts  the  many-channel  generator  of  delayed  pulses,  which  in 
this  case  is  the  main  regulating  unit  of  the  synchronization  system.  It  provides  starting 
of  other  units  of  the  synchronization  circuit  with  pre-determined  time  delays.  First  of 
all,  a  signal  formed  in  the  output  of  the  generator  of  delayed  pulses  (with  a  50-|is 
delay  relatively  the  input  pulse)  is  applied  to  start  the  high-voltage  pulse  generator  (3) 


for  igniting  of  the  discharge  switch  of  the  plasmatron  As  the  switch  (4)  is  on,  the 
energy  stored  in  the  capacitor  (5)  is  consumed  for  supplying  the  plasmadynamic 
plasma  generator  (6),  and  a  high-speed  plasma  jet  was  formed.  A  starting  signal  for 
the  oscilloscope  (7)  was  formed  in  the  second  channel  of  the  generator  of  delayed 
pulses.  This  oscilloscope  registered  the  discharge  voltage  and  electric  current.  The 
time  delay  between  the  moments  of  starting  the  oscilloscope  and  the  igniting  pulse  is 
also  50  ps  (the  oscilloscope  is  on  before  the  discharge).  At  probe  measurements  other 
channels  of  the  generator  of  delayed  pulses  provide  signals  for  starting  registering 
oscilloscopes  (8)  and  (10),  signals  of  which  are  processed  by  personal  computers  (9) 
and  (11). 

In  the  case  of  experiments  with  photo  registration  (analogously  to  the  case  of  the 
pulsed-periodical  discharge)  the  generator  of  delayed  pulses  was  started  by  a  signal 
from  the  high  speed  camera  control  unit.  The  work  of  the  high  speed  camera  was 
determined  by  the  electronic  control  unit  of  the  air  valve.  All  the  other  units  of  the 
synchronization  system  worked  in  accord  with  the  above  considered  principle. 

3.6  The  electrical  scheme  of  switching  on  the  pulsed  plasma  generator 

Fig.  2.14  presents  the  electrical  schematic  of  switching  on  the  pulsed  plasma 
generator.  The  generator  had  an  outer  electrode  in  a  form  of  a  10  cm><011mm 
(internal)  thin  cylindrical  tube  (3).  The  internal  high-voltage  electrode  (2)  was  a  4-mm 
tungsten  rod  positioned  coaxially  inside  the  outer  electrode.  An  insulator  made  of  a 
transparent  acrylic  plastic  was  positioned  in  the  inter-electrode  space.  The  plasmatron 
worked  in  the  following  way.  The  capacitor  ?  ?  was  charged  by  a  power  supply  unit  to 
high  voltage  Uo  ,  which  varied  in  a  range  of  3  -r  5  kV.  The  resistor  Ri  restricted  the 
charging  current.  As  the  igniting  pulse  was  applied  to  the  discharger  (1),  the  high 
voltage  was  applied  to  the  plasmatron’ s  electrodes.  After  that,  an  electric  discharge 
was  formed  along  the  end  surface  of  the  dielectric  element,  and  the  plasma  jet  was 
generated. 


The  discharge  voltage  was  defined  by  a  potential  divider  made  with  low-inductance 
resistors  R2,  R3  with  the  ratio  coefficient  k  =  2000. 


???.  2.14 

The  signal  measured  on  the  resistor  R3  was  applied  to  one  of  the  input  channels  of  the 
two-channel  pulsed  memory  oscilloscope  7-8-17.  The  discharge  current  was 
registered  with  the  Rogvski  coil  (4),  which  overlapped  the  electrical  pathway  of  the 
internal  electrode  of  the  plasma  generator.  The  Rogvski  coil  worked  in  the  regime  of  a 
current  transformer,  for  so  doing  it  was  connected  with  a  15-f2  output  resistor.  To 
minimize  the  electric  noise,  the  resistor  was  positioned  just  near  the  input  of  the 
second  channel  of  the  same  pulsed  memory  oscilloscope  7-8-17.  Fig. 2. 15  shows 
typical  oscilloscope  pictures  of  the  discharge  current  and  voltage. 


Fig.2.15  Typical  form  of  discharge  current  and  voltage  of  plasma  jet. 

Temporary  scale  factor  is  20  ps/div. 

Upper  beam  -  discharge  current,  scale  factor  is  2  V/div  (Imax  ~20  kA), 
lower  beam  -  discharge  voltage,  scale  factor  is  1  V/div 


3.7  The  synchronization  scheme  of  DC  discharge 

The  schematic  diagram  of  synchronization  of  units  of  the  installation  at  studies  of 
interaction  of  the  supersonic  airflow  with  the  plasma  formed  by  a  DC  generator  is 
presented  in  Fig.  2.16. 


Fig.  2.16 

Analogously  to  the  two  previous  cases,  the  main  control  unit  of  the  synchronization 
system  was  the  electronic  circuit  of  control  of  the  air  valve  (1),  which  was  applied  for 
formation  of  the  supersonic  airflow.  The  valve  control  circuit  forms  the  signal,  which 
is  delayed  for  about  0.5  s  relatively  the  moment  of  opening  the  valve  (analogously  to 
the  case  of  the  pulsed-periodical  discharge).  This  pulse  starts  the  generator  ?  -  5  -  46- 
?  (2),  which  in  this  case  is  the  main  regulating  unit  of  the  synchronization  system, 
and  it  makes  it  possible  to  start  other  units  of  the  system  with  pre-determined  delays. 
First  of  all,  this  generator  forms  the  pulse,  which  controls  the  time  of  start  and  the 
duration  of  work  of  the  DC  power  supply  unit  (3).  The  generator  (2)  provides 
variation  of  the  delay  time  of  starting  of  the  DC  power  supply  unit  in  the  range  from  0 
to  1  s,  and  the  duration  of  work  in  the  range  from  0.1  to  1  s.  The  switching  on  of  the 
DC  power  supply  unit  applied  the  primary  circuit  of  the  high-voltage  transformer.  The 
output  parameters  of  this  unit  were  the  following:  maximal  output  voltage  Uo  =  4  kV, 
maximal  discharge  current  F  =  4  A.  The  output  high  voltage  of  the  power  supply  unit 
was  applied  to  the  discharge  gap  (4)  through  the  ballast  resistor  Ri.  The  discharge 
current  could  be  controlled  by  variation  of  the  magnitude  of  resistance  of  Ri.  Note 


that  the  control  of  discharge  current  could  be  also  carried  out  by  variation  of  the 
output  voltage  of  the  DC  power  supply  unit. 

The  discharge  voltage  was  measured  with  use  of  the  potential  divider  based  on 
resistors  R2,  R3  with  the  ratio  coefficient  k  =  1000.  In  general,  one  could  apply 
standard  ordinary  DC  voltmeters  and  ammeters  for  measurement  of  the  discharge 
voltage  and  current.  However,  the  vibrations  of  parameters  at  the  DC  discharge  were 
studied  with  use  of  the  pulsed  two-ray  memory  oscilloscope  ?  -  8  -  17  (10).  At  so 
doing,  measurement  of  the  discharge  voltage  was  carried  out  with  transport  of  the 
signal  on  the  resistor  R3  to  the  input  of  one  of  the  channels  of  this  oscilloscope.  To 
register  the  discharge  current,  the  shunt  resistor  R4  was  connected  in  series  with  the 
inter-electrode  gap  (4),  and  the  signal  on  this  resistor  was  applied  to  the  input  of  the 
second  channel  of  the  same  oscilloscope. 

For  synchronization  of  the  oscilloscopes,  the  additional  generator  ?  -  5  -  46-?  (5)  was 
applied,  it  was  analogous  to  the  generator  (2).  The  pulse  from  the  synchronization 
channel  of  the  generator  (2)  started  the  generator  (5)  with  practically  no  delay.  In  its 
turn,  the  generator  (5)  formed  pulses  (which  were  delayed  on  pre-determined  periods 
of  time)  for  starting  the  registering  oscilloscopes,  including  the  oscilloscope  (10).  The 
delay  time  could  be  varied  in  the  range  of  10  |is  1  s.  Thus,  the  application  of  the 
additional  generator  with  such  delays  made  it  possible  to  register  necessary  signals 
with  sufficiently  short  scanning  time  (e.g.,  0.1-r  1  ms)  by  oscilloscopes  in  any  moment 
of  the  DC  discharge  (the  discharge  time  was  up  to  1  s). 

At  carrying  out  different  probe  measurements,  the  other  output  channel  of  this 
generator  formed  pulses  for  starting  the  registering  oscilloscopes  (6)  and  (8),  the 
signals  from  them  were  processed  by  the  personal  computers  (7)  and  (9).  The  delay 
time  in  this  case  could  be  varied  from  10  |is  to  1  s. 

In  case  of  photo  registration,  the  high-speed  camera  (II)  worked  separately.  Its 
starting  was  carried  out  by  a  pulse  from  the  electronic  circuit  of  control  of  the  air 
valve,  and  the  duration  of  recording  and  the  necessary  delay  were  determined  by  the 
regime  of  work  of  the  control  unit  of  the  high-speed  camera  itself.  This  made  it 
possible  to  register  different  moments  of  the  DC  discharge  with  different  duration  of 
recording. 


CHAPTER  III  THEORETICAL  BACKGROUND 
OE  THE  PROBE  DIAGNOSTICS 

Introduction 

Values  of  basic  parameters  characteristic  for  the  plasma  aerodynamic  experiments  are 
the  following:,  external  (discharge)  electric  field  Eo  =  0...1.5'10^  V/cm,  gas 
temperature  T^o  =  100. ..2000  K,  airflow  speed  ~  500  m/s,  Mach  number  Mo  =  0.1. ..3, 
plasma  concentration  n/o  =  10^^...  10*^  cm"^,  gas  pressure Pgo  =  10...  1000  Torr,  electron 
temperature  Teo=  1---3  eV,  local  plasma  potential  oscillations  up  to  2  kV  [1].  Under 
such  conditions,  the  probe  diagnostics  is  possible,  the  light-guide  fiber  technique  and 
the  double  cylindrical  probes  (with  probe  radius  R  =  0.1...  1  mm  and  probe  length  L 
»R )  should  be  used  [2]. 

The  known  methods  of  probe  diagnostics  [3-7]  cannot  be  applied  directly  at  such  a 
complex  of  parameters.  E.g.,  in  [3,4]  the  external  electric  field  is  not  accounted  for,  in 
[6]  the  airflow  is  slow,  there  are  no  chemical  reactions,  and  the  electron  branch  of  the 
voltage  -current  characteristic  is  considered,  which  is  absent  in  the  double  probe  case. 
The  current  work  considers  a  non-emitting  double  probe  in  intense  external  and  probe 
electric  fields,  in  subsonic  and  supersonic  gas  flows,  with  respect  to  plasma  chemical 
reactions  and  other  issues  important  under  the  conditions  mentioned  above. 

§1.  Background  of  a  Detailed  Description  of  Probe-Plasma 

Interaction 

An  interpretation  of  probe  voltage-current  characteristics  in  terms  of  plasma 
parameters  is  based  on  consideration  of  transport  of  charged  particles  in  the  vicinity  of 
the  sounding  probe  surface,  see,  e.g..  References  [3-7].  The  consideration  in  our  case 
should  be  based  on  the  following  equations  [8]. 

The  Navier-Stokes  equations  for  neutral  components  dynamics: 

dpg/dt -I- div(PgVg)  =  0,  Pgdvg/dt  =  -  gra(^g-i- <7 -i-F,  (1.1) 

ngdEg/dt  =  - pgdiv  yg-\-  Q  +  W, 
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(here  n^,  Pg  ,  pp  Vg,  are  the  gas  concentration,  density,  pressure,  velocity  and 
internal  energy  of  translations  and  rotations,  q  and  Q  are  the  viscous  terms,  the  terms 
F  and  W  account  for  forces  and  energy  flows  from  the  plasma,  Pg  =  rnmoi^g,  m^o\  is  a 
molecule  mass,  kg  is  the  Boltzmann  constant.  In  our  case  the  force  F  is  negligible  [1], 
as  well  as  the  effect  of  W  for  the  characteristic  size  of  the  probe  vicinity  (0.1...  1  mm). 
That’s  why  the  effect  of  plasma  components  on  the  neutral  gas  was  neglected.  In  our 
case  the  Reynolds  number  is  not  very  high  (Re  =  1...300),  i.e.  a  laminar  gas  flow  takes 
place. 

For  plasma  regions,  quasi  neutral  approximation  was  applied  instead  of  the  Poisson 
equation: 

ne  =  Ui  —  n-  (1-2) 

{He  ,  rii,  ti-  are  concentrations  of  electrons,  positive  and  negative  ions).  The 
applicability  of  this  approximation  is  considered  below. 

For  the  electromagnetic  field  in  the  plasma  region,  quasi  steady  ~  0)  Maxwell 
equations  (except  the  Poisson  equation)  at  low  values  of  the  magnetic  Reynolds 
number  Rcm  «  1  were  applied: 

rot  E  =  0,  j  =  o  E,  rot  B  =  poj,  div  B  =  0  (1.3) 

in  a  case  ~  0),  (o=  e  Ue  \ie  is  the  conductivity,  pe  =  eUnieVe)  is  the  electron 
mobility  in  the  electric  field  E,  B  is  the  magnetic  field  induction,  j  is  the  density  of 
current,  po  =  471 10"^  H/m,  e  and  are  the  electron  charge  and  mass,  Vg  is  the 
frequency  of  electron  collisions).  The  last  three  equations  (1.3)  with  account  to  the 
expression  of  E  via  the  gradient  of  the  electric  potential  tp  and  to  the  identity  div  rot  ? 
=  0  valid  for  any  vector  ?  ,  yield 

div(ng  Pg  grad  (p)=  0.  (1.4) 

This  equation  can  be  used  for  calculation  of  E  and  tp  in  a  quasi-neutral  plasma. 

Balance  of  negative  ions 

dnJdt  +  div(n-V-)  =  Ka  -  Ku  -Kd,  (1.5) 
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here  Ka  ,  Ku  ,  Kd  are  rates  of  electron  attachment,  ion-ion  recombination  and 
dissociative  detachment,  respectively,  v-  is  the  negative  ions  velocity.  As  the 
characteristic  temperature  and  positive  ions  concentration  are  relatively  high,  the 
effect  of  negative  ions  on  the  probe  voltage-current  characteristics  is  comparatively 
weak;  in  the  current  studies  it  was  neglected. 

Balance  of  positive  ions: 

driildt  +  div(niVi)  =  Ki  -  Kr.  (1.6) 

here  Vi  is  the  positive  ions  velocity,  Ki,  Kr  are  the  rates  of  ionization  and  (dissociative) 
recombination  (see,  e.g.,  [9]), 

K,  n,n^A(T,),  (1.7) 

=  ((1  -t  4  -1)/((1  -t  4  +  1)/  Co, 

Co=  Te  V'ei  l{lV'ee  h),  ee  =  tie  {2e{Ii  +  Te  )lmef'^  Y^ee  , 

\'ei  =  n^(2e(Ii  +  Te  )lmef'^  Yel  , 

Z,,  =  ao^  167t(2/(  (7,  +  Te  )m2)fW^, 
lnA=23  -t  1.5  logio(n)  -  0.5  logio(lO-V); 

here  the  factor  takes  into  account  the  deviation  of  the  distribution  function  from  the 
Maxwell  one  due  to  ionization,  see,  e.g..  Reference  [8];  7,  is  the  ionization  energy  for 
the  molecules,  ao  is  the  Bohr  radius  (here  and  lower  Te  is  in  eV,  the  rest  values  are  in 
the  basic  SI  units). 

Consider  determination  of  the  speeds  of  electrons  and  ions.  Strictly  speaking,  the 
movement  of  plasma  charged  particles  in  case  of  weak  ionization  njrig  <  10”"^  ...10”^, 
is  described  by  the  kinetic  equations.  If  one  represents  the  electron  distribution 
function/ =  /(v)  (here  v  is  the  velocity  absolute  value  of  an  electron)  in  the  two-term 
approximation,  /  (v)  =/o(v)  -i-v/v /i(v),  the  kinetic  equation  for  the  isotropic  part  fo 
yields  the  following  expression  for  the  mean  electron  velocity  [10] 

Ve  =  Vg  -  [(neUg)' V(ngDene)  -I-  |Ie  Er  (1.8) 

-Ki  Dee  (e’Vlnne)  -  K2  e  (ng/Cd^XEr /ug)  -K3  e  (e'Vln(£'yng))  -  ...], 
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De=47C/(3ng)oI“v^/o/Om  dv,  |le=47re/(3ngme)  oI“  vVo;„  d/o/dv  dv, 


here  is  the  electron  scattering  transport  cross  section,  e  =  'EJEr,  Kj  are  the  kinetic 
coefficients,  Er  is  the  microscopic  electric  field  (meaned  over  the  plasma  fluctuations, 
see  below).  Kj  depend  on  the  sort  of  gas,  the  shape  of  the  electron  distribution  function 
/  =  /  and  on  the  parameter  Er/rig.  Their  absolute  values  have  the  same  order  of 
magnitude  as  the  electron  diffusion  coefficient  Dg,  they  can  be  positive  or  negative; 
for  the  Nb  plasma  they  are  plotted,  e.g.,  in  [10].  The  terms  containing  the  kinetic 
coefficients  result  in  considerable  (about  0.5. ..1.5  times)  changes  in  electrons 
movement:  e.g.,  they  define  the  anisotropy  of  electron  diffusion  along  and  across  the 
electric  field,  non-linear  changes  in  the  drift  velocity  in  case  of  gradients  of  plasma 
parameters,  etc.  However,  if  one  understands  that  the  problem  deals  with  plasma 
diagnostics,  and  takes  into  account  the  real  accuracy  of  cross  sections,  plasma 
characteristics,  and  the  model  in  the  whole,  one  can  conclude  that  in  the  first 
approximation  it  is  possible  to  neglect  these  complicated  issues  by  assuming  Kj  ~  0, 
i.e.  by  modeling  the  electron  movement  on  base  of  the  “classical”  approximate 
equation: 

Vg  ~  Vg  —  [(HgHg)  V  (UgHg/^g)  -|-  Pg  Ef  ].  (1-9) 

The  expressions  for  ions  corresponding  to  (1.8)  are  still  more  complicated,  for  the 
two- term  approximation  is  not  so  accurate  for  ions  as  it  is  for  electrons.  However,  the 
ion  diffusion  itself  is  slow  comparatively  the  ambipolar  diffusion.  It  can  be  neglected 
at  all,  or  (with  the  same  accuracy)  one  can  apply  the  “classical”  expression  [11]: 

Vi  =  Vg-i-pi  E-Di'V\nn—DiTene/(Tini)V\nne  -D/Vln  Tg-  D,  Tg/Tg  Vln  Tg,  (1-10) 


Pi  'v[a)->  E)i  —ksT^KVira  t^modt 

here  pi  is  the  ion  mobility.  Vim  is  the  cross  section  of  elastic  ion-molecule  collisions;  if 
Hi  =  rig,  (1.10)  looks  like 

Vi  =  Vg  -  llttiDa^  ni+  Pi  E  -D/Vln  Tg-  Di  TJTg  Vln  Tg,  Da  =  A(l+  Tg/Tg)  (1.11) 

(Da  is  the  ambipolar  diffusion  coefficient).  This  expression  accounts  for  the  ion-gas 
friction,  the  drift  in  the  external  electric  field,  the  ambipolar  diffusion  and 
(approximately)  the  thermal  diffusion. 
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Note  that  the  application  of  the  term  ‘kmbipolar  diffusion”  corresponds  to  exclusion 
from  the  explicit  consideration  of  the  so-called  ambipolar  electric  field  E^,  which  is 
bound  with  charge  partition  in  regions  with  high  gradients  of  plasma  parameters,  i.e. 
the  electric  field  in  the  computations  E  differs  from  the  microscopic  electric  field  Er: 

Er  =  E  -t  Ea,  Ea  ~  -  1/negrad  (^b  T^nje).  (1-12) 

Then  the  simplest  form  of  the  Ohm  law,  j  =  oE,  can  be  applied.  If  one  wishes  to 
consider  Er  instead  of  E,  then  the  expression  for  the  ion  velocity  looks  like 

Vi  =  Vg  -I-  piEr  -  (A  /nOgrad  n  -Di  grad  InTg,  (1-13) 

and  the  Ohm  law  is 

j  =  o[Er  +  IMegrad  (ke  T^nje)],  (1.14) 

i.e.  the  electron  diffusion  must  be  taken  into  account  explicitly,  that  is  bound  with 
additional  computational  difficulties. 

Actually,  if  one  neglects  the  electron  thermal  diffusion  for  simplicity,  then  the 
equation  for  electrons  movement  in  the  internal  field  Er  looks  like 

Ve  =  -  llJne'^iksTenJe)  -  Pe  Er.  (1.15) 


Reduce  it  to  the  traditional  Ohm  law  j  =  oE  for  the  effective  external  field  E: 

j  =  -  e  He  Ve=  e  tie  lls[l/neV(kBTenJe)  +  Er]=  0[l/neV(kBTenJe)  +  Er], 

then  the  equation  for  ions  movement  (the  ion  thermal  diffusion  is  also  neglected  for 
simplicity)  in  the  internal  field  Er 

Vi  =  Vg  -  Pi/n/V (kBTitiile)  -i-  Pi  Er  (1-16) 

in  terms  of  E  looks  like 

Vi  =  Vg  -  \Xi/niV(kBTinile)  +  Pi  [E  -(1/  ne)V(  kBletiJe)], 


that  coincides  with  (1.11).  But  if  one  takes  the  equation  for  ions  movement  with  the 
ion  diffusion  coefficient  A  instead  of  the  ambipolar  diffusion  coefficient  A,  and 
considers  the  external  field  E  instead  of  Er,  it  is  equivalent  to  neglecting  of  the 
electron  diffusion  in  the  electron  movement  equation.  The  corresponding  error  in  the 
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account  of  diffusion  is  as  high  as  the  factor  of  (1+  TJT^  )  ~  10  times.  Thus,  the 
ambipolar  field  is  strong,  it  cannot  be  neglected,  it  can  be  stronger  than  the  external 
electric  field  ? . 

The  electric  field  ?  in  our  case  can  be  defined  by  the  mentioned  above  steady  (d/dt  = 
0)  Maxwell  equations.  Really,  ?  defines  correctly  the  movement  of  electrons  and  ions, 
i.e.  the  electric  current  density  and  the  magnetic  fields  are  also  correct.  Some 
deviations  arise  at  computation  of  the  electric  potential  tp?,  as  it  is  defined  by 
integrating  of  ?  ?,  while  our  computations  deal  with  ? .  Estimate  with  use  of  (1.12)  the 
difference  Acp  =  (p?-(p,  which  corresponds  to  integrating  along  a  direction  ? : 

A(p  =  (p^(p  =  (??-  ?)djc  =  [-(1/  ne)d(kBTene/e)d?]dx  (1.17) 

=  (Tei-Te2)  ksle  -  ?i\^[kBTJe  d  (In  n,)/d?]dx. 


One  can  see  that  the  difference  Acp  is  about  kBTJe  ~  1  V.  It  takes  into  account,  e.g., 
the  well  known  charging  of  a  wall  in  a  contact  with  a  plasma.  The  characteristic 
voltage  in  the  probe  diagnostics  is  as  a  rule  much  higher  than  1  V,  i.e.  Acp  can  be 
neglected.  It  means  that  consideration  of  ?  instead  of  ?  ?  is  correct. 

Temperature  of  electrons  in  our  case  is  defined  by  an  equation 

HediEJdit  +  pediv  Ve  =  -  div  Xe  grad  Tg  +5'f  -  Se,  (1-18) 

Xe  =5/2  Tg  ng/(mgVg  ),  Se=oE^, 

here  Ee  =  SIlksTg  is  the  kinetic  energy  of  electrons,  pe  =  tigkBTg  is  the  electron  gas 
pressure,  is  the  electron  gas  heat  conductivity,  Sg  is  the  total  power  of  electron 
energy  exchange  at  inelastic  collisions,  in  molecular  gases  it  is  primarily  bound  with 
vibration  (index  i)  and  electron  (e)  state  excitations  (+)  and  inverse  processes  of  de¬ 
excitation  (-):  Sg  =  Sgj+  -  Sgj.  +  Sev+  -  Sev-.  In  the  air,  air-fuel  mixtures  and  in  products 
of  air- fuel  combustion  one  can  use  the  following  approximation  [9] : 

Sey+  =  hVvUg  tigilkBlg/rngf^  Ooi  exp(-hV\/kBTg)/[l  -  exp(-hVv/kBTg))f,  (1.19) 
Sev  =  hVvHg  HgiTkBTg/mg)^'^  Ooi  exp(-hV\/kBTv)/[l  -  expi-hVv/kBTv))]^  , 

here  Ooi  ~  10”^^  crn^  is  the  mean  cross  section  of  excitation  of  the  first  vibration 
quantum  of  nitrogen  N2,  /zVy-  0.29  eV  is  the  vibration  quantum,  Ty  is  the  vibration 
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temperature.  For  the  diagnostic  problem  the  deviation  of  Tg  from  the  ambient  flow 
value  Tgoo  is  of  the  most  interest.  When  a  part  of  plasma  liquid  passes  through  regions 
with  a  comparatively  high  field  intensity,  then  Tg  >  Tg^  ;  heat  transfer  into  the  probe 
can  result  in  local  values  Tg  <  Tgoo.  The  latter  has  a  comparatively  weak  effect  on  the 
probe  voltage-current  characteristics,  because  in  our  case  the  heat  transfer  into  the 
probe  is  negligible  (see  below).  In  a  weakly  ionized  plasma  in  a  comparatively  strong 
electric  field  and  in  an  intensive  energy  exchange  with  neutral  particles  one  can 
neglect  the  “hydrodynamic”  terms  in  the  left  hand  part  of  (1.18).  Then  (1.18)  defines 
an  implicit  dependence  of  Tg  on  E/ug  at  given  Ty.  This  dependence  has  been  calculated 
beforehand  at  Tv  =  0  as  a  function  Tg  =  FoiE/ug),  electron  excitations  of  nitrogen  and 
oxygen  have  been  accounted  for  at  calculation  of  Sgj+  and  Sgj.,  the  cross  sections  have 
been  taken  from  [8].  This  function  can  be  applied  in  case  of  Ty  >  0  with  a  different 
argument,  which  depends  on  Ty-. 

Tg  =  FoKE^Mg'^  +  SgyJong^)^^  (1.20) 

For  plasmas  of  air,  air-fuel  or  exhaust  gases  one  can  use  approximations  based  on 
experimental  data  [9] 

=  =3.3  10"^^;  (1.21) 

logioA  =-13.6  (\ogw(Tg)f  +  15.7  logio(r, )  -  21.4, 

Egi  ~  10'^^  Tg  ,Vg  =  rig  Eg  (leTgltrigf^, 

Eg  =  0.8  10-^°  r/  -I-  0.43  10-^‘^  Tg  +  0.8  10'^^ 

Vim  —  ^im  ^g(2  kgTg  Irtlmol)  j 

Zim  -  2.2  (3J0.10^ITgf\ 

The  final  probe  signal  -  current  -  is  formed  as  an  integral  over  all  the  sounding 
electrode  surface, 

7  =  -  \ene[lg  En  dA“  -i-  len/p/£'„dA'^,  (T22) 

here  En  is  the  electric  field  near  the  surface,  dA“  and  dA”^  are  fractions  of  surface  that 
attract  negative  and  positive  charges,  respectively  (because  of  the  corresponding  field 
direction). 
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§2.  Formulae  for  Probe  Voltage-Current  Characteristics 


2.1.  An  Analysis  of  Profiles  of  Plasma  Parameters  Near  a  Probe 

The  potential  fall  near  the  probe,  which  defines  the  voltage-current  characteristic,  is  a 
sum  of  falls:  tpo  in  the  Debye  sheath,  tp^  in  the  diffusion  layer  (or  the  “viscous 
boundary  layer”,  where  Igrad  {Da  n\)\  >  ||iiEo|),  and  cpE  in  the  drift  area  (or  the  “non- 
viscous  flow  region”,  where  ||iiEo|  »  Igrad  {Da  ni)|). 

The  current  study  considers  processes  in  the  diffusion  layer  and  in  the  drift  area.  If  tpo 
is  negligible,  these  processes  define  the  probe  voltage-current  characteristic.  Such  a 
situation  is  characteristic  for  the  major  part  of  the  plasma  parameters,  especially  for 
the  cases  of  sufficiently  high  characteristic  gas  density,  which  are  characteristic  for 
realistic  full-scale  systems  of  plasma  aerodynamics.  This  results  from  an  analysis  of 
comparative  yields  of  cpD,  tPa  and  tpE-  In  [4]  these  yields  are  estimated  on  base  of  an 
asymptotic  analysis  of  solutions  of  the  equations  that  describe  a  weakly  ionized  gas  in 
a  vicinity  of  a  probe  in  a  subsonic  plasma  flow.  It  had  been  assumed  that  Re  »I,  8 
«I,  here  Re=VgR^,  is  the  Reynolds  number,  8  =  kBT^o/{nee^I^),  8o  is  the  dielectric 
constant.  If  8  Re  »1  ,  then  (pD«tpE  ,  i-C-  the  Debye  sheath  potential  fall  tpo  is 
negligible.  The  corresponding  voltage-current  characteristic  grows  monotonously  and 
has  no  saturation.  In  the  opposite  case,  8  Re  «I,  the  voltage-current  characteristic 
stops  to  grow  at  high  voltages  due  to  a  growth  of  cpo  at  high  probe  potential.  For  the 
plasma  of  air  eRe^  ~  0.13*10"^^*Vg^*n//ne  (basic  SI  units  are  applied  here).  For  the 
values  characteristic  for  plasma  aerodynamic  experiments  Vg  =  600  m/s,  rig  Mg 
=10“^. ..10^,  Hg  =(1...3)10^"^  m“^  the  parameter  zRe^  varies  from  2  to  2000,  and  for  the 
values  characteristic  for  realistic  full-scale  systems  of  plasma  aerodynamics  Vg=  2 
km/s,  ngMg  =10  ...10  ,  tig  =(1...3)10  m  ,  the  parameter  eRe  varies  from  10  to 
10,000.  It  means  that  one  can  neglect  the  effect  of  tpo  on  the  probe  voltage-current 
characteristics  for  the  most  cases  of  interest. 

Analogous  conclusion  about  a  possibility  of  neglecting  of  processes  in  the  Debye 
layer  results  from  an  analysis  of  chemical  reactions  (see  below).  Thus,  the 
consideration  of  only  quasi-neutral  plasma  regions  is  correct. 

The  potential  fall  in  the  diffusion  layer  tp^  is  also  negligible,  if  the  layer’s  thickness 
is  much  less  than  the  probe’s  radius  R.  Actually,  assume  a  linear  radial  plasma  density 
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profile  across  the  cylindrical  diffusion  layer  and  a  constant  plasma  density  in  the  drift 


area, 


rii  {R<r<R+ra)=  n,o  +(n/oo  -  nio)(r-R)lra,  niR+ra<r<roo)  =  ni^ , 

and  consider  electric  current  conservation  along  a  current  tube  for  R<r<R+ra,  r  =  R 
and  R+ra  <r<roo  with  account  to  the  fact  that  the  ambipolar  diffusion  can  be 
interpreted  as  a  drift  of  ions  in  the  ambipolar  electric  field  (see  above): 

A/=  2nrheni[liE(R<r<R+ra)  =  InRheriioVio  =  InrheUiclliEiR+ra  <r<r^). 

The  resulting  ratio  of  the  potential  falls  is 

cp.  %  =  «r™£(r)dr/«+™^£(r)dr  = 
ll[R/ra  -  nolriooi  R+ra)/ra]  \n{Rn„  /[(R+ra)no]  }/ln[roo/(7?+ra)]. 

The  boundary  plasma  density  is  small  (nolnoo«V)  but  limited  [3],  (in  accord  with  the 
boundary  conditions,  see  below),  i.e.  the  logarithmic  factors  do  not  change  the  order 
of  magnitude.  If  Va/R-^O,  then  tp^  /tpe  ^0. 

The  diffusion  characteristic  length  for  a  temporary  evolution  of  an  initially 
stepwise  profile  of  concentration  is 

ra  =  (tD,f\ 

here  the  time  coordinate  t  can  be  expressed  via  the  length  /  of  a  path  of  an  element  of 
plasma  along  the  probe  surface  as 

t  =  \  (1/vg)  dl  ~  l/vg,  I  ~  R\\f, 

here  t|/  is  the  azimuth  coordinate.  Estimates  have  shown  that  ra  «  R  for  a  major  part 
of  the  characteristic  plasma  parameters,  especially  for  those  characteristic  for  realistic 
full-scale  systems  of  plasma  aerodynamics.  In  most  cases  of  interest  the  probe 
voltage-current  characteristic  depends  primarily  on  ion  transport  processes  in  the  drift 
area,  however  for  some  cases  of  plasma  aerodynamic  experiments  the  diffusion  layer 
is  also  important.  The  latter  case  in  the  scope  of  the  current  work  has  been  considered 
numerically.  In  a  contrast,  the  current  analytical  effort  considers  the  other  case,  when 
the  drift  area  is  of  interest.  Then  all  the  ions,  which  enter  the  interface  of  the  drift  area 
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and  the  diffusion  layer,  will  get  to  the  probe  surfaee,  beeause  the  Debye  sheath  and 
the  diffusion  layer  are  both  narrow  and  transparent. 

Consider  the  equations  (1.6)  and  (1.11).  With  aceount  to  (1.3),  (1.4),  the  equations  j  = 
oE,  a  =  ene\ie,  rot  B  =  poj,  and  the  mathematieal  identity  div(rot  A)  =  0  valid  for  any 
veetor  A,  and  in  ease  that  niPi/(|ie^e)«l,  one  ean  represent  the  drift  term  in  the 
equation  of  ion  eoneentration  in  the  following  form: 

div(ni  piE)  =  div(ni  E  pe(Pi  /pe))  =  div  [pi  tii  /(enePe)  {e  E  pe)]  ~  div  [pi  /(epe)  j]  = 
(j/e)grad(pi/pe)  +  Pi  /(epe)  div  (rot  B/po)  =  (j/e)grad(pi/pe). 

One  can  see  that  this  term  vanishes  if  the  assumption  that  (pi  /pe)  =  const  is  correct 
(this  is  approximately  true  for  For  plasmas  of  air,  air-fuel  or  exhaust  gases).  Thus,  the 
drift  term  div(niPiE)  gives  a  little  input  in  the  equation  of  plasma  concentration.  If  the 
ambipolar  diffusion  and  the  reactions  of  ionization  and  recombination  are  also 
negligible,  the  plasma  is  expanding  and  compressing  together  with  the  neutral  gas.  It 
means,  that  then  the  value  v=n,/ng  is  constant,  and  on  the  interface  of  the  drift  and 
diffusion  regions  this  value  is  equal  to  the  unperturbed  one  in  the  ambient  flow  ?oo, 
that  is  essential  for  the  diagnostic  application.  This  equality  is  approximate:  (p/pe)  is 
still  varying,  and  in  the  next  approximation  one  has  to  take  it  into  account.  Together 
with  diffusion,  it  can  result  in  a  transport  of  plasma  density  along  electric  field  lines, 
the  value  of  ?  can  deviate  from  ,  especially  in  regions  where  the  gas  is  locally 
rarefied.  However,  the  numerical  simulation  has  shown  that  even  in  the  worst  cases  ? 
still  changes  much  weaker  than  other  plasma  and  gas  parameters.  Moreover,  the  effect 
of  these  deviations  on  the  probe  current  is  not  strong.  It  makes  it  possible  to  assume 
thatv=  ?oo. 

Consider  field  distribution  along  the  probe  surface.  The  probe  charge  produces 
electric  field  around  its  surface,  that  provides  the  probe  current.  The  external 
(discharge)  electric  field  must  be  also  taken  into  account,  as  it  can  be  much  higher 
than  the  probe  field,  especially  due  to  the  well-known  effect  of  field  concentration  by 
conductors.  The  summary  (probe  and  external)  field  (with  no  account  to  plasma 
effect)  for  a  sufficiently  long  (UR  »1)  cylindrical  probe  with  its  axis  normal  to  the 
ambient  discharge  field  Eo  in  a  medium  with  even  conductance  distribution  can  be 
approximated  as 
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E  =  Eo  (1  -  lf/r^)+  /2(I^/r^)  (Eo  r")  +  r^V/(r}n(UR)), 


(2.1) 


here  r**  is  the  unit  radial  vector,  Vp  is  the  probe  voltage.  The  field  component  normal 
to  the  surface  En=  (Eo  r®)  is 

En=EoCOsW+t^AR+raf)+Vp/((R+ra)]n(L/R)),  (2.2) 

here  t|/  is  the  azimuth  angular  coordinate.  If  one  neglects  in  comparison  with  R,  then 

En^lEo  cos  V|/+  Vp/(R  \n(L/R)).  (2.3) 

For  a  double  probe  (two  cylinders  with  axes  in  a  direction  z,  situated  in  a  plane 
normal  to  Eo,  zJ_Eo-Lvg),  the  sum  of  the  values  of  current  to  the  probes  equals  to  zero. 
One  of  the  probes  absorbs  only  ions,  while  the  other  one  absorbs  both  ions  and 
electrons.  Then,  a  consideration  of  (1.22)  with  respect  to  p,  /pe  «  1  yields  that  the 
probe  is  necessarily  charged  so  that  the  relative  area  A~IA^  of  the  surface  where 
electrons  are  absorbed  would  be  as  small  as  p,  /pe  «  1.  (2.3)  yields  that  the  region 
with  En>0  appears  at  the  probe  potential 

y/  =  2Eo(R  ln(UR)).  (2.4) 

A  probe  potential  can  be  expressed  as  Vp  =  Vp  +AVp.  The  normal  field  near  the  probe 
surface  (or  better  to  say  on  the  interface  with  the  diffusion  layer,  see  above)  in  accord 
with  (2.3),  (2.4)  is 

=  2  Eo  cos  \|/  +  2  Eo  +  Ay/(E  In(ZyE)),  (2.5) 

i.e.  the  field  near  the  probe  is  defined  by  the  external  field,  if 

Eo»Eo*=AVp/(2Eln(L/E)),  and  by  the  difference  of  potentials  between  the  two  probes, 
ifEo«  Eo* . 

2.2.  Probe  Voltage  Current  Characteristics 

Consider  a  cylindrical  probe  (axis  z)  in  a  plasma  flow  Vg  and  ambient  field  Eq 

(zlEo-Lvg).  The  field  is  enhanced  far  before  the  probe:  e.g.,  at  \|/  =  7i/2,  the 

characteristic  size  of  the  region  of  doubled  field  is  about  R.  However,  at  supersonic 
and  even  at  transonic  flow  the  gas  density  is  also  enhanced  before  the  probe,  and  the 
resulting  characteristic  parameter  EMg  that  defines  electron  temperature  and  ionization 
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is  low  at  \|/  =  Till.  That  is  why  one  can  consider  there  x  =  ^oo.  The  plasma  flow 
separates  in  the  critical  point  of  the  cross  section  of  the  probe  cylinder,  where  t|/  =  nil, 
E„  ~  -  lEo+  Vp/(R  \n(L/R))Eo,  and  rejoins  in  the  opposite  side,  where  t|/  =  lull,  and 
again  En~-  1  Eq  +  Vp/(R  \n(L/R))Eo.  One  half  of  plasma  flows  through  the  region 
near  the  probe  with  an  enhanced  field,  which  has  a  maximum 

En^ax  =  4  Eo  +  AVp/(R  ln(L/R))  (2.6) 

at  \|/  =  7C .  The  corresponding  yield  to  the  total  ion  current 

In  =  LR  n/2l^^^enn(\\f)^iEnd\\f  =  (2.7) 

=  LR  [1  Eo  (1  -  cos  V|/)+  Ay/(i?  ln(Z/i?))]/[Sim(2  ksT^  = 

=  Zix^LR^a?^'^e\l  Eo  (1  -  cos  \\f)+  AVp/(R  ln(L/i?))M£im(2  ksTg 

Here  the  factor  2/  >  1  takes  into  account  deviation  of  the  ionization  degree 
distribution  from  a  uniform  one  (primarily  due  to  the  plasma  chemical  reactions  of 
ionization);  if  ionization  is  negligible,  then  v  ~  ,  2;  ~  1.  If  the  variation  of  Tg  is 

negligible,  then 

In  =  RL[l(Ti+l)Eo+  TiAVp/(R  }n(L/R))]x^Zi  eV [Zin,(2  keT^  (2.8) 

The  other  half  of  plasma  flows  in  a  relatively  attenuated  field,  with  a  minima!  point 
near  \|/  =  0.  The  total  current  on  this  side  of  the  probe  contains  ion  and  possibly 
electron  current  terms,  I 2  =  E  +Ii2-  The  ion  current  term 

hi  =  RE  -71/2!"^^  ena\^iEnd\if  = 

RE  [Eo  2(71-2)  +  TiAVp/{R  HUR))]xJE2  e^/[^im(l  keT^  (2.9) 

Here  the  factor  22  accounts  for  deviations  of  x  from  x^,  that  primarily  results  from  the 
plasma  chemical  reactions;  if  they  are  negligible,  then  22  =  1.  Additional  ionization 
here  (i.e.22  >  1)  is  possible  if  Eq  «  Eo*,  then  2i  =  22.  If  »  Eq*,  an  additional 
recombination  (i.e.22  <  1)  is  possible;  this  comparatively  slow  process  does  not  seem 
to  alter  the  ion  concentration  considerably.  Note  that  then  hi  is  (4.. .5)  (2i  722)  »  1 
times  less  than  the  ion  current  on  the  opposite  side:  the  first  factor  results  from  the 
enhanced  ion  drift  speed,  the  last  one  -  from  the  reactions.  It  altogether  shows  that  it 
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is  possible  to  use  an  approximate  formula  valid  for  both  cases  Eo  »  Eo*  and  Eo  « 

Eo*, 


Ii2=RL[Eo  2(Ti-2)+ZiTiAVp/(R  ln(UR))]x..  keT^  nimoif^].  (2.10) 

The  electron  term 


le  =  ^ene2\^^e  E„  dA  =  RL^^,J'^  ene2\ie  E„  dt|/ 

exists  only  if  A~  is  not  a  zero,  i.e.  the  normal  field  En  changes  its  direction;  it  is 
possible  only  if  AVp  >  0.  The  zero  field  points  correspond  to 

\\r±  =  ±  (AVp/(2  Eo  R  HL/R))f^  . 

|\|/±|  «  1  at  considerable  values  of  the  ambient  field,  Eo»  Eg*  =  AVp/(2R  \n(L/R)). 
Then  the  field  between  \|/_  and  t|/+  is 

En  (tl/)  -  2  \i/2  +  AV/(R  ln(UR)), 

it  defines  the  electron  current;  integration  yields  as  a  by-product  a  result 

le  =  RL  n,2  e^e  (2^'^/3)[AV/(R  ln(E^R))f^/Eo^'^,  (2. 1 1) 

which  coincides  with  [6].  The  probe  voltage  Vpo  =  Vp  +  AVpo  providing  zero  total 
probe  current  can  be  obtained  from  the  equality  of  ion  and  electron  currents,  E  =  In  + 
li2\  at  £’o»2/(7t-i-2)£'o*,  and  E7-l«l,  the  equations  (2.8),(2.10),(2.11)  yield 

AVpo  =  R  \niUR){3Tl  2^'^  (p,/p,)(  (2. 12) 

E.g.,  for  ne2  =  n,2,  Eo  =  1  kV/cm,  R  =  0.5  mm,  L  =  5  mm,  Te  =  2  eV,  Tg  =  300  K  the 
extra  voltage  AVpo  amounts  to  ~  6  V.  For  comparison,  the  corresponding  probe 
voltage  level  Vpo  ~  -  180  V.  Note  that  AVpo  is  proportional  to  Eg,  and  is  rather  small 
in  comparison  with  REg. 

The  total  voltage-current  characteristic  of  the  double  probe  (see  Fig. 3.1)  can  be 
deduced  on  base  of  the  fact  that  for  a  given  current  I  the  total  voltage  is  a  sum  of  the 
voltages  U+  and  U.  of  the  positively-biased  and  negatively-biased  probes.  At  voltage 
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growth  the  electron  current  grows  quicker  than  the  ion  current,  which  yields  U-  » 
U+,  i.e.  the  total  voltage-current  characteristic  depends  on  the  probe  that  collects 
primarily  ions. 

Thus,  if  Eo»Eo*  and  E;  =  1,  then  the  probe  voltage-current  characteristic  7  =  7(77) 
(here  U  =  AVp  -  AVpo  is  the  difference  of  potentials  of  the  two  probes)  is  the 
following:  at  U  <-  AVpo,  the  probe  current  7  =  -7,^,  here  7,^  =  (In  +  la)  is  the  ion 
saturation  current,  in  this  region  7  is  practically  independent  of  voltage  U  : 

In  =  RLEo{[2(n+2)  Zi  +  2(71-2)]  v^eV[Zi„,(2  ksT^nimod'^  (2.13) 

At  -AVpo  <  U  <0,  the  positive  electron  current  Ig  ~  AVj^  (2.11)  is  added  to  the  ion 
voltage-independent  term.  The  total  current  passes  the  7=0  point  at  7/  =  0.  As  the 
difference  of  potentials  \U\  grows,  Eo*  grows  too,  the  condition  Eo»  Eg*  becomes 
false,  AVp  cannot  be  neglected  in  the  formulae  for  In  +  la,  and  one  has  to  take  into 
account  the  term  depending  on  U : 

|7|  =  RL[Ez  Si  -r  2(ti-2)Eo]  keT^  (2. 14) 

Ez  =  [2(71-i-2)£'o-i-  27t  (|7/-i-AVpo|)/(7?ln(7/7?))]. 

The  value  of  AVpo  can  be  estimated  from  (2.12).  If  Eg  -Eg*,  or  Eg  «  Eg*,  then  |7/|  » 
|AVpo|,  and  AVpo  can  be  neglected  in  (2.14).  If  Eg  «  Eg*,  then  (2.14)  looks  like 

7=  2TiULAriUR)ZiXooe^A^U2^  ksT^  (2.15) 

The  probe  current  here  is  proportional  to  the  probe  voltage,  if  Ei-l«l.  Note  that  at 
UR  »1,  the  probe  current  is  practically  independent  of  the  probe  radius  R. 

If  the  voltage  bias  7/  changes  its  polarity,  then  the  two  probes  interchange  their  roles 
and  voltage-current  characteristics,  that  results  in  a  symmetry  of  the  total  voltage- 
current  characteristic  of  the  double  probe:  7(7/)=  -I(-U). 

The  formulae  (2.13),(2.15),(2.14)  can  be  used  for  plasma  diagnostics  in  cases  of 
dominating  ion  drift  in  the  external  (discharge)  electric  field,  in  the  probe’s  electric 
field,  and  in  the  general,  intermediate  case,  respectively.  In  the  case  Eg  »  Eg*,  the 
saturation  current  is  measured;  in  the  opposite  case  Eg  «  Eg*,  the  slope  7/7/  is 
informative;  both  of  them  at  7/  =  const  give  current  signals  proportional  to  the  plasma 
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value  to  be  measured,  that  makes  it  possible  to  provide  a  very  high  temporary 
resolution.  In  all  the  cases,  the  unperturbed  value  of  Xoo  =  Uioojugoo  is  obtained.  The 
dependence  of  the  resulting  Voo  on  Tg  is  rather  weak  (even  weaker  than  ~  Tg^^^,  if  the 
temperature  dependence  of  Zim  is  accounted  for).  If  Eo  »  Eo*,  then  Eo  must  be  also 
measured,  that  can  be  carried  out  with  use  of  the  same  probe  technique.  All  of  it  is 
valid  if  the  reaction  factor  E;  is  known. 


Fig.3.1.  Theoretical  total  voltage-current 
characteristic  of  a  double  prohe 
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§  3.  Plasma  Chemical  Reactions  Near  a  Probe 


To  make  the  probe  diagnostics  possible,  it  is  necessary  to  define  the  factor  E;. 
Regions  of  parameters  where  it  is  unavailable  limit  the  applicability  of  the  probe 
diagnostics.  Numerical  simulation  [2]  has  shown  that  E;  can  be  about  5. ..10  at 
moderate  parameters  (R  =  0.5  mm,  Eo  =  200  V/cm,  Tg„  =  700  K,  n,oo  =  10^"^  cm'^, 
Vgoo=  600  m/s,  figoo  =  0.6  10^^  cm“^,  Teoc  =1.7  eV),  and  it  depends  on  the  gas  density 
profile  around  the  probe,  i.e.  on  the  Mach  number  M^o.  Mass  calculations  of  E;  in  a 
many-dimensional  space  of  essential  parameters  on  base  of  this  model  are  too 
complicated.  Our  analysis  of  the  numerical  data  has  resulted  in  the  following 
simplified  model,  which  computation  time  was  about  10^...  10"^  times  as  less,  with  a 
comparative  reliability  of  results. 

The  model  is  based  on  the  fact  that  ionization  depends  only  on  processes  in  the 
plasma  flow  tube  near  the  half  of  the  probe  surface  where  the  field  is  enhanced.  The 
model  is  based  on:  1)  -  the  previously  computed  profiles  of  gas  density  Pg  =  Pg  (1)  and 
speed  Vg  =  Vg  (1)  along  the  tube,  I  =  R\\f ;  2)  -  the  dependence  (1.20)  of  Tg  on  E  (for  Ty 
=  0);  3)  -  the  formula  (2.5)  for  the  electric  field  E  =  ^(ti/);  4)  -  formulae  (1.7),  (1.21) 
for  ^/(t|/)  and  Kr  (\|/);  5)  -  the  equation  for  relative  ion  concentration  x 

[ng(\i/)  Vg  (ti/)/K]av  /at]/  =  Ki{x^)  -  Kr  (t]/),  (3.1) 

which  is  derived  from  (1.6),  (1.10)  for  the  drift  region  (diffusion  neglected)  with 
respect  to  no  effect  of  drift  on  x  (see  above),  the  dependence  of  Tg  on  E  in  accord 
with  (2.7),  and  the  formulae  (2.5),  (2.8)  for  and  Kr  (\|/).  The  factor  Ey  results 

from  integration  of  probe  current  (1.22)  with  and  without  account  for  the  reactions. 

A  similarity  analysis  has  shown  that  E;  depends  on  parameters  RA(Te^)ngJvgoo, 
Emax/ngoo,  RCoo,  Moo,Voo,  and  4Eo  /[AVp/(R  \n(L/R))].  The  first  of  them  defines  a  relative 
time  of  presence  of  an  elementary  mass  in  the  region  of  ionization.  Emax/ngoo  is  the 
traditional  discharge  parameter  that  defines  electron  energy.  The  influence  of  IVL  is 
bound  with  a  profile  of  density  that  creates  a  zone  with  enhanced  local  Elrig  .  The 
influence  of  Xoc  is  bound  with  changes  in  the  distribution  function  of  electrons.  The 
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effect  of  the  last  parameter  is  bound  with  a  difference  in  field  distributions  over  the 
probe  surface  for  the  cases  of  negligible  and  considerable  values  of  external  electric 
field.  Actually,  at  low  values  of  the  external  field  this  distribution  is  even,  and  in  the 
opposite  case  it  has  a  maximum  on  the  one  side  of  the  probe,  and  a  minimum  on  the 
other  side. 

Some  results  of  calculations  of  E;  are  shown  in  Fig. 3. 2.  An  analysis  of  the  model  and 
the  numerical  data  show  that  E/  becomes  higher  with  growth  of  the  flow  Mach 
number  Moo,  plasma  concentration  n,oo ,  maximal  electric  field  Emax,  decrease  of  the  gas 
flow  speed  v^oo  and  density  n^oo,;  the  thicker  is  the  probe,  the  higher  is  ionization.  The 
parameters  RA(Teoo)ngJVgoo  and  E^ax/rigoo,  are  the  most  important.  The  dependence  on 
Moo  growth  is  in  a  way  analogous  to  the  effect  of  some  growth  of  Emax/figoo  .  Some 
weak  dependence  on  Voo  appears  at  low  Voo.  The  effect  of  the  parameter  dEo  /[AVp/(R 
ln(Zy/?))]  is  weak  at  Mo  >1,  because  then  ionization  is  defined  by  narrow  rarefied 
regions  of  flow,  where  the  electric  field  is  close  to  Emax  for  both  cases  of  low  and  high 
values  of  Eq.  For  a  subsonic  flow  the  effect  of  fall  of  values  of  this  parameter  is 
analogous  to  some  growth  of  values  of  RA{Teoo)ngJvgoo. 

There  is  a  region  of  parameters  where  E;  =  1...3,  in  which  Ey  can  be  calculated 
reliably.  These  data  on  Ey  can  be  used  to  adjust  the  diagnostic  formulae 
(2. 13). ..(2. 15).  It  is  also  a  region  with  E;  »  1  and  a  very  strong  dependence  of  Ey  on 
plasma  and  field  parameters.  No  reliable  probe  diagnostics  is  possible  there,  for  the 
initial  plasma  parameters  become  unavailable  due  to  the  additional  ionization.  The 
boundary  between  the  two  regions  is  rather  distinct. 

In  some  cases  chemical  reactions  can  affect  the  relative  value  of  tpD.  Analytical 
studies  [12]  have  shown  that  in  a  plasma  with  non-equilibrium  chemical  reactions  the 
value  of  (Pd  is  negligible  if 

8/%"»l.  (3.2) 

Here  8  and  %  are  dimensionless  parameters,  which  depend  on  plasma  parameters  in 
the  ambient  flow  (indices  oo), 

8  =  hJll^,  h„  =  [8okj?rgoc  /(e^Hgoo)]*^,  (3.3) 

%  =  dJl(2R\  =  [4niDiJ(KR^(l  +  DiJDeoo))f^. 
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For  the  characteristic  parameters  listed  above,  the  condition  8/%  «  1  is  met  with  a 
considerable  reserve.  Note  that  density  and  size  dependencies  are  the  following:  Z),oo~ 
1/ngoo,  Kroo~  ne>o,  i.e.  8  ~  If(R^neoo),  %  ~  l/(  I^ngoo  neoo),  8/%^  ~  R^ngo^Hgo.,.  It  means  that 
under  conditions  of  full-scale  experiments  with  engines  (higher  R  and  rig^),  the  value 
of  8/%^  will  be  still  higher. 


Fig.  3.2.  Value  of  logio(Si)  at  Moo  =  1.1, 
A(r^)  =  0.3  10'^*m^/s  and  n,oc  =  10^® 
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§4.  Mathematical  Modeling.  Posing  the  problem 

A  direct  computer  simulation  with  account  for  processes  in  thin  boundary  layers  is 
complicated.  However,  if  one  applies  a  strongly  irregular  mesh,  and  the  boundary 
layer  is  not  very  thin,  the  direct  computer  simulation  becomes  realistic.  E.g.,  at  the 
probe  radial  size  R  =  10'"^  m,  the  Reynolds  number  Re  ~  (0. 3-0.5)*  10^,  it  was 
sufficient  to  apply  a  triangular  mesh  with  characteristic  cell  size  that  quickly 
decreases  at  approaching  the  probe  surface;  the  mesh  had  about  200  cells  along  the 
probe  surface,  and  about  20,000  cells  total.  A  series  of  simulation  problems  has  been 
solved  numerically  with  use  of  a  PC  with  the  Pentium  III  processor. 

The  neutral  gas  dynamics  was  simulated  on  base  of  (1.1)  in  the  2D  planar 
approximation  with  the  apparent  boundary  conditions,  which  are  traditional  for 
computations  of  flow  over  a  body:  zero  velocity  on  the  probe  surface,  ambient  plasma 
flow  parameters  on  the  input  boundary,  and  a  free  exit  on  the  opposite  side.  This 
system  of  equations  is  separate  from  the  rest,  plasma  equations,  for  the  plasma  effects 
on  the  neutral  gas  are  neglected.  The  problem  (1.1)  was  solved  beforehand.  The 
simulation  of  plasma  processes  was  based  on  a  system  of  3  equations  relatively  the 
functions  Tg,  tp.  The  plasma  concentration  is  defined  by  (1.6)  with  use  of  the 
formulae  (1.7),  (1.21),  the  electric  potential  is  defined  by  (1.4),  the  electron 
temperature  is  defined  by  (1.18).  Consider  boundary  conditions  for  these  equations. 

4.1.  Boundary  Conditions  for  Plasma  Concentration 

On  the  outer  boundaries  of  the  computational  region  the  plasma  concentration  is  equal 
to  that  of  the  ambient  flow. 

On  the  boundary  near  the  probe  surface  the  plasma  concentration  rie  is  traditionally 
taken  to  be  a  zero  [3,  4].  This  condition  is  approximate,  and  it  is  invalid  in  our  case.  It 
introduces  a  singularity  into  the  mathematical  problem:  the  equation  (1.4)  becomes 
degenerate  on  the  boundary,  that  results  in  computational  difficulties.  In  other  words, 
the  plasma  conductance  (which  is  in  a  direct  proportion  to  rie)  tends  to  zero  on  the 
boundary,  and  no  electric  current  can  leak  through  this  “insulating  layer”.  A  correct 
definition  of  the  boundary  condition  necessitated  a  special  analysis  of  the  ion  kinetics 
in  this  region. 
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In  the  plasma  volume  the  ion  distribution  function  is  close  to  the  Maxwell  function, 
which  is  shifted  in  the  velocity  space  for  the  ion  drift  velocity  v,  .  The  temperature  in 
the  Maxwell  function  ?,  is  in  our  case  close  to  the  local  gas  temperature.  The  ion 
distribution  function  near  the  boundary  has  no  particles  that  move  from  the  metal 
surface  (ions  are  neutralized  there,  i.e.  they  vanish  as  ions  and  appear  as  neutral 
particles).  The  rest  ion  distribution  function  here  can  be  also  considered  to  be  close  to 
the  Maxwell  function,  which  is  shifted  for  the  ion  drift  velocity: 

fi  (yn,Va)=  C  exp{-  Mi  [(v„-v,„  f +v ^]/ (2k bT i)}  (4.1) 

here  v„  is  the  component  of  the  velocity  of  chaotic  ion  movement,  which  is  normal 
relatively  the  boundary  surface,  v-c  is  the  tangent  component  of  this  chaotic  velocity. 
The  mean  normal  component  of  the  total  ion  velocity  on  the  boundary  vt  is  defined  by 
integrating  of  this  distribution  function: 

Vb  =  oI“oI“  VnfiiVn,  Vt)  2%  V-c  dv„  dVi;  4)1“ o\°°  fi(Vn,  V-c)  2%  V-cdv„  dVi;. 

The  resulting  function 


Vb  =  {Vin+  2-1^71-1^ cxp[-miVin\2kBTi)]+VinCrf[vin(2kBT/mi)-^^^]}/  (4.2) 
{l+erf[vin(2kBT/mi)-^^^]} 

can  be  approximated  with  a  good  accuracy  (~  1...5%)  by  a  formula 


Vb  =  Vin+  v/i/2  exp(-2  [Vin  /  Virf).  (4.3) 

Here  v,t  is  the  arithmetic  mean  thermal  ion  velocity,  v,t  =  [SkBT/innii)]^^.  Thus,  at  v,>, 
»  ViT  the  boundary  mean  ion  velocity  is  equal  to  the  drift  velocity  v/„,  and  at  v,„  «  v,t 
it  approaches  the  value  v,7/2,  which  is  characteristic  for  a  boundary  condition  of  the 
diffusion  equation  near  an  absorbing  wall  (see,  e.g.,  [13]). 

This  normal  ion  velocity  Vb  is  the  necessary  boundary  condition  for  the  equation  of 
ions  movement. 
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4.2.  Boundary  Conditions  for  Electron  Temperature 

On  the  outer  boundaries  of  the  computational  region  the  plasma  temperature  is  equal 
to  that  of  the  ambient  flow. 

On  the  boundary  with  a  metal  probe,  the  following  boundary  condition  is  applied  for 
the  plasma  temperature  [14,  15]: 

(/e  r")  {HJe-  tp)  =  Xe  (VTe  r«),  H,  =2.5  ksT,,  j,  =  en,  v„  (4.3) 

here  r*^  is  the  unit  vector  normal  to  the  boundary  surface.  In  our  case,  the  electron 
current  is  absent  along  all  (or  practically  all)  the  surface,  because  all  the  electrons  are 
repelled  back  to  the  plasma  volume  by  the  electric  field.  With  respect  to  this 
condition,  7e  =  0,  the  expression  (4.3)  reduces  to 

K(T,)VT,  =  0, 

and  as  "keiTe)  >  0,  one  can  get  VTe  =  0.  That’s  why  the  current  computations  applied 
the  boundary  condition 

dTe/dr  =  const.  (4.4) 

4.3.  Boundary  Conditions  for  Electric  Potential 

The  value  of  probe  potential  tp  =  cpo  defines  the  boundary  condition  on  the  probe 
surface. 

On  the  infinitely  far  outer  boundaries  of  the  computational  region  the  plasma  potential 
must  tend  to  zero.  However,  the  realistic  computational  mesh  cannot  be  made 
infinitely  large,  and  the  potential  must  be  defined  for  the  boundary  size  r  ~  Rt  < 
oo.The  difference  of  the  boundary  plasma  potential  from  the  ideal  zero,  that  results 
from  finitute  of  Rh,  must  be  accounted  for  at  interpretation  of  numerical  results. 
Actually,  a  couple  of  endless  equipotential  coaxial  cylinders  with  radii  R  and  Rb  is 
modeled.  Such  a  system  defines  a  potential  in  a  medium  with  an  even  distribution  of 
conductance  (that  for  our  case  is  true  for  r>  >R,  and  approximately  true  for  r~R) 

^>m(r)  =  cpo  \n(Rb/r)/\n(Rh/R),  (4.5) 

and  the  corresponding  electric  field 

E^(r)  =  (po /[r\n(Rb/R)].  (4.6) 
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One  can  see  that  Em{r)  depends  explicitly  on  RbIR..  This  dependence  is  rather  strong 
even  at  Rh  ~10i?.  It  is  apparent  that  it  is  impossible  to  enhance  RbIR  considerably  due 
to  computational  difficulties.  Note  that  at  RbIR  the  electric  field  vanishes  in  all 
the  volume.  These  difficulties  are  bound  with  the  cylinders  are  infinitely  long  in  the 
2D  approximation.  The  probe  should  be  better  considered  as  a  long  (L»R),  but  finite 
cylinder  with  a  potential  Vp\  it  defines  an  electric  field  in  a  medium  with  an  even 
distribution  of  conductance 

E  =  Vp/(r\n(UR))  (4.7) 


and  the  corresponding  potential 


%  =  Vp\n(Llr)l\n{LIR).  (4.8) 

In  order  to  fit  the  model  of  infinitely  long  cylinders  to  this,  more  adequate  approach, 
these  potentials  must  define  the  same  electric  fields,  i.e. 

tpo  l{r\n{RblR)]  =  Vp/{r\n{L/R)), 

that  gives  the  fitting  factor  ?  b  for  the  potential,  which  is  bound  with  the  peculiarities 
of  the  2D  model  and  the  finitute  of  RbIR  in  realistic  computations: 


Vp  =  ?  b^o  ,  ?  b=  HE/R)  /  \n{RblR).  (4.9) 

At  characteristic  values  of  Rb  =  5...10i?  and  L  ~  50. ..100  R  the  value  of  ?  b  is  1.4. ..2.8, 
i.e.  it  obligatorily  must  be  accounted  for  at  the  analysis  of  computed  probe  voltage- 
current  characteristics.  The  application  of  this  factor  makes  it  possible  to  get 
sufficiently  correct  boundary  conditions  at  moderate  values  of  Rb  =  5...10i?. 

The  computer  simulation  of  the  gas  dynamics  of  flow  over  the  probe  was  carried  out 
with  use  of  the  implicit  free-LaGrange  method  [16],  which  belongs  to  the  class  of 
methods  considered  in  [17,  18].  It  applies  an  irregular  triangular  mesh  that  moves 
with  the  gas,  the  mesh  is  much  denser  near  the  probe  and  is  rather  rarefied  near  the 
outer  boundaries.  It  made  it  possible  to  resolve  the  probe  boundary  layers,  and  to 
provide  a  sufficient  distance  from  the  outer  boundaries.  The  plasma  part  of  the 
problem  was  solved  with  use  of  a  fixed  mesh,  which  had  resulted  from  the  solution  of 
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the  gas  dynamical  part  of  the  problem,  and  with  the  corresponding  distributions  of  gas 
temperature,  density  and  velocity. 

4.4.  Computation  Results 

Characteristic  results  of  computer  simulation  are  presented  in  Fig.  3.3-3.27. 

The  following  values  of  input  parameters  (for  boundary  conditions)  were  used:  R  = 
0.05  mm,  v^oo  =  600  m/s,  Tgoo  =1.5  eV,  Ugoo  =  10*^  mT^,  Ugoo  =  10^"^  ?  Tg  =  300  ?  and 
Tg  =  1000  ?,  (pp  =  l-  50  V. 

Fig. 3. 3-3. 12  correspond  to  a  supersonic  gas  flow  (M  =  1.5,  the  initial  gas  temperature 
is  1000  K),  and  Fig.  3.15-3.24  correspond  to  a  subsonic  gas  flow  (M  =  0.88,  the 
initial  gas  temperature  is  300  K,  all  the  other  boundary  conditions  coincide  with  the 
subsonic  case).  For  a  comparison,  some  results  of  computations  of  the  plasma 
parameters  with  a  constant  electron  temperature  Tg  =  1.5  eV,  i.e.  with  no  account  for 
the  plasma  chemical  reactions,  are  shown  in  Fig.  3.13-3.14  for  the  supersonic  and  in 
Fig.  3.25-3.26  for  the  subsonic  cases.  Fig.  3.27  shows  the  resulting  voltage-current 
characteristics. 
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Fig.  3.3.  The  computational  mesh  and  the  plasma  velocity  distribution  at  M  =  1.5 
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Fig.  3.4.  Distributions  of  gas  density  and  temperature  at  M  =  1.5 
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Fig.  3.5.  Distributions  of  plasma  ionization  rate  and  electron  temperature  at  M  = 

1.5  and  the  probe  potential  of  16  V 
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Fig.  3.6.  Distributions  of  plasma  ionization  rate  and  electron  temperature  at  M  = 

1.5  and  the  probe  potential  of  42  V 
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Fig.  3.7.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  1.5  and  the 

probe  potential  of  0  V 
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Fig.  3.8.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  1.5  and  the 

probe  potential  of  16  V 
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Fig.  3.9.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  1.5  and  the 

probe  potential  of  42  V 
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Fig.  3.10.  Distributions  of  rii/ng  and  electric  field  at  M  =  1.5  and  the  probe 

potential  of  0  V 
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Fig.  3.11.  Distributions  of  riilrig  and  electric  field  at  M  =  1.5  and  the  probe 

potential  of  16  V 
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Fig.  3.12.  Distributions  of  riilng  and  electric  field  at  M  =  1.5  and  the  probe 

potential  of  42  V 
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Fig.  3.13.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  1.5  and  the 
probe  potential  of  28  V,  computation  with  Tg  =  1.5  eV  =  const 
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Fig.  3.14.  Distributions  of  tii/ng  and  electric  field  at  M  =  1.5  and  the  probe 
potential  of  28  V,  computation  with  =  1.5  eV  =  const 
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Fig.  3.15.  The  computational  mesh  and  the  plasma  velocity  distribution 

at  M  =  0.85 
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Fig.  3.16.  Distributions  of  gas  density  and  temperature  at  M  =  0.85 
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Fig.  3.17.  Distributions  of  plasma  ionization  rate  and  electron  temperature  at  M 

=  0.85  and  the  probe  potential  of  42  V 
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Fig.  3.18.  Distributions  of  plasma  ionization  rate  and  electron  temperature 
at  M  =  0.85  and  the  probe  potential  of  16  V 
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Fig.  3.19.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  0.85  and 

the  probe  potential  of  0  V 
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Fig.  3.20.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  0.85  and 

the  probe  potential  of  42  V 
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Fig.  3.21.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  0.85  and 

the  probe  potential  of  16  V 
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Fig.  3.22.  Distributions  of  m  hig  and  electric  field  at  M  =  0.85  and  the  probe 

potential  of  0  V 
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Fig.  3.23.  Distributions  of  /ng  and  electric  field  at  M  =  0.85  and  the  probe 

potential  of  42  V 
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Fig.  3.24.  Distributions  of  n,  lug  and  electric  field  at  M  =  0.85  and  the  probe 

potential  of  16  V 
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Fig.  3.25.  Distributions  of  plasma  conductance  and  ion  density  at  M  =  0.85  and 
the  probe  potential  of  28  V,  computation  with  =  1.5  eV  =  const 
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Fig.  3.26.  Distributions  of  n/  lug  and  electric  field  at  M  =  0.85  and  the  probe 
potential  of  28  V,  computation  with  =  1.5  eV  =  const 
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Fig.  3.27.  Computed  probe  voltage-current  characteristics: 

a  -  for  M  =  0.85,  b-  for  M  =  1.5,  upper  curves  -  the  complete  problem,  lower  curves 
-  with  no  account  to  the  chemical  reactions  (Te=  1.5  eV); 

c  -  for  Te=  1.5  eV,  M  =  1.5  (the  upper  curve),  Tg  =  1.5  eV,  M  =  0.85  (the  lower 

curve); 

d  -  the  complete  model,  M  =  1.5  (the  upper  curve),  M  =  0.85  (the  lower  curve) 
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Three  values  of  the  probe  voltage  are  taken  for  every  case  of  the  basic  computations: 
0  V,  16  V  (weak  effect  of  the  plasma  chemical  reactions,  see  below)  and  42  V  (strong 
effect  of  the  plasma  chemical  reactions).  As  there  is  no  effect  of  plasma  processes  on 
the  dynamics  of  the  neutral  gas,  the  distributions  of  gas  density,  temperature  and 
velocity  are  the  same  for  all  the  plasma  distributions  with  the  corresponding  initial 
Mach  number. 

The  distributions  of  gas  dynamical  parameters  in  the  subsonic  and  supersonic  cases 
differ  from  the  classical  ones  because  of  a  strong  influence  of  viscosity:  the 
characteristic  size  of  the  probe  (0.1  mm)  is  small  enough,  and  the  gas  density  is 
sufficiently  low  for  the  flow  to  be  laminar. 

In  the  supersonic  case  the  neutral  gas  density  is  considerably  higher  before  the  probe 
and  considerably  lower  behind  it  in  comparison  with  the  ambient  gas  flow.  One  can 
see  that  the  viscous  friction  heats  the  gas  as  it  passes  by  near  the  probe  surface.  The 
heated  parts  of  gas  masses  gather  behind  the  probe  to  form  a  hot  region  with  low 
speed  and  low  density.  The  electric  field  is  however  closer  to  be  axially  symmetrical. 
Thus,  the  plasma  parameter  E/ug  in  the  supersonic  case  is  greatly  enhanced  behind  the 
probe.  Note  that  the  value  of  this  parameter  defines  the  electron  distribution  function 
and  thus  the  electron  temperature  and  the  rates  of  plasma  reactions.  That  is  why  the 
electron  temperature  is  maximal  behind  the  probe  near  its  surface  (where  EMg  is  the 
highest). 

The  same  takes  place  in  the  subsonic  case  too,  but  the  density  profile  in  the  subsonic 
case  is  smoother.  The  growth  of  the  parameter  EMg  is  much  less  there. 

In  the  supersonic  case  the  diffusion  layer  is  strongly  asymmetric  due  to  the  effect  of 
plasma  flow.  One  can  see  that  the  plasma  density  n,  falls  near  the  probe  surface.  It  is  a 
result  of  plasma  diffusion  with  recombination  on  the  surface.  However,  the  degree  of 
ionization  x  =  n,  Mg  can  even  grow  behind  the  probe.  The  ambipolar  diffusion  is 
effective  in  this  rarefied  region,  the  distribution  of  plasma  density  is  smoothed  by  the 
diffusion,  while  the  distribution  of  gas  density  Ug  is  not.  This  can  result  in  a  dramatic 
growth  of  X  =  Hi  Mg  even  at  no  probe  electric  field.  This  effect  of  synergetic 
interaction  of  the  supersonic  flow  and  the  ambipolar  diffusion  on  the  value  of  x  is 
especially  high  in  comparison  with  the  fall  of  x  as  a  result  of  the  diffusion  only.  (This 
fall  has  proved  to  appear  before  the  probe).  This  growth  of  x  results  in  a  proportional 
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growth  of  plasma  conductance  near  the  probe,  and  thus  it  affects  the  voltage  current 
characteristic.  The  effect  is  evidently  higher  at  higher  Mach  numbers  (see  Fig.  3.27). 

We  have  never  seen  in  the  literature  any  description  of  this  effect  of  synergetic 
interaction  of  the  supersonic  flow  and  the  ambipolar  diffusion  on  the  probe  voltage 
current  characteristic. 

The  electric  field  is  enhanced  before  the  probe  and  lowered  behind  it,  for  the  plasma 
conductance  distribution  is  not  even.  The  highest  difference  of  electric  field  takes 
place  at  higher  voltage  in  the  supersonic  case. 

At  higher  values  of  the  probe  voltage  the  electric  field  appears  to  be  high  enough  to 
enhance  the  plasma  density  in  the  regions  where  the  parameter  EMg  is  maximal.  At 
the  probe  voltage  of  42  V  in  the  supersonic  case  the  value  of  x  behind  the  probe  is  7 
times  as  high  as  in  the  ambient  flow.  It  results  in  a  considerable  growth  of  probe 
electric  current,  which  in  this  case  corresponds  to  the  perturbed,  enhanced  value  of 
plasma  density.  In  this  case  one  cannot  derive  the  ambient  value  of  Xoo  on  base  of  the 
probe  electric  current. 

This  dramatic  effect  of  plasma  reactions  is  vividly  seen  on  the  probe  voltage  current 
characteristic.  The  curve  is  close  to  be  linear  in  the  case  with  no  account  for  the 
reactions,  when  the  plasma  temperature  is  taken  to  be  a  constant  (Tg  =  1-5  eV).  The 
probe  voltage  current  characteristic  with  an  account  of  the  plasma  reactions  coincides 
with  the  previous  line  at  low  probe  voltage,  and  quickly  grows  at  higher  voltage 
values.  This  nonlinear  part  of  the  probe  voltage  current  characteristic  is  in  a  direct 
proportion  to  the  strongly  perturbed  plasma  mean  density,  it  cannot  be  applied  for 
plasma  diagnostics  in  the  usual  sense.  The  threshold  of  the  effect  of  plasma  reactions 
is  about  20  V  for  the  supersonic  and  about  25  V  for  the  subsonic  case.  This  difference 
is  bound  with  higher  maximal  values  of  EMg  in  the  supersonic  case. 

Note  that  the  maximal  value  of  voltage  in  the  probe  experiments  was  close  to  these 
threshold  values.  It  means  that  this  effect  of  plasma  reactions  can  take  place  under 
characteristic  experimental  conditions.  In  such  a  case,  the  nonlinear  part  of  the  voltage 
current  characteristic  must  be  neglected,  and  the  diagnostics  must  be  carried  out  on 
base  of  the  linear  part  of  the  voltage  current  characteristic. 
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Conclusion 


New  analytical  formulae  for  ion  drift  regimes  of  probe  operation  in  high,  moderate 
and  low  external  discharge  electric  fields  are  deduced.  They  can  be  used  for 
diagnostics  of  dense  non-thermal  plasma  flows  characteristic  for  plasma  aerodynamic 
systems. 

There  are  two  causes  of  dramatic  deviations  of  the  probe  voltage-current 
characteristics  for  probes  in  high-speed  flows  with  considerable  ambipolar  diffusion 
from  the  previously  known  results,  which  are  valid  for  slow  plasma  flows.  These 
causes  are  the  effect  of  synergetic  interaction  of  the  supersonic  flow  and  the 
ambipolar  diffusion,  and  the  effect  of  synergetic  interaction  of  the  supersonic  flow 
and  the  plasma  chemical  reactions. 
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CHAPTER  IV.  PLASMA  DIAGNOSTICS  METHODS 


§  1  Electric  Probe  Method 

1.1.  Particularities  of  probe  operation  in  plasma  of  an  electric  discharge  in  a 

supersonic  flow 

1.11.  Requests  to  probe  circuits 

Electric  discharges  in  supersonic  high-pressure  gas  flows  are  characterized  by 
inhomogeneous  and  unsteady  parameters  [1-3  ]. 

Under  these  conditions,  the  main  advantage  of  the  probe  method  (a  possibility  of  local 
measurements  with  a  high  temporal  resolution)  becomes  important.  However,  an 
application  of  the  standard  schemes  and  methods  of  processing  of  probe 
characteristics  for  such  discharges  is  practically  impossible  due  to  the  specific  mode 
of  operation  of  a  probe  in  such  discharges,  which  is  characterized  by  a  combination  of 
several  extreme  conditions: 

•  high  plasma  potential  (  V  >  1  kV  ) 

•  high  discharge  current  ( I  >  1  A  ) 

•  large  modulation  of  the  discharge  current  and  voltage 

•  high  gas  pressure  (  p  >  10  Torr ) 

•  a  very  high  electric  field  (E  >  100  V/cm)  present  in  the  discharge  plasma 

•  supersonic  flow  mode  (  M  >  1  ) 

•  chemical  reactions  (including  ionization  and  recombination)  in  the  air  plasma. 

The  unsteady  character  of  plasma  parameters  suggests  a  necessity  of  development  of 
an  automated  scheme  of  probe  measurements,  which  provides  the  necessary 
temporary  resolution  and  allows  one  to  measure  the  probe  voltage-current 
characteristic  with  meeting  a  condition  of  sufficiently  weak  changes  of  plasma 
parameters.  As  a  rule,  the  characteristic  frequencies  of  oscillations  of  discharge 
current  and  voltage  are  about  3. ..30  kHz  [2,4].  The  available  temporary  resolution  of 
a  probe  itself  is  sufficiently  higher  (better  than  1  |is,  see  Chapter  1,  p.1.1).  Thus,  the 
available  temporary  resolution  of  a  probe  method  is  defined  by  a  probe  measurement 
circuit.  The  resolution  must  be  chosen  from  a  condition  that  the  time  of  measurement 


of  a  probe  voltage-current  characteristic  must  be  less  than  a  threshold  value,  which 
should  not  exceed  lOps. 

High  discharge  voltages  define  high  probe  potentials  of  a  probe  relatively  the  ground. 
As  a  result,  the  probe  circuit  must  be  isolated  from  a  computer,  which  is  a  part  of  the 
measuring  device.  The  situation  is  made  still  worse  by  secondary  breakdowns 
characteristic  for  discharges  in  dense  gas  flows  [4].  Values  of  voltage  at  secondary 
discharges  at  gas  pressure  of  about  hundreds  of  Torr  are  about  10  kV.  That  is  why  the 
galvanic  separation  must  meet  very  high  requirements.  The  optical  separation  based 
on  transmitting  a  signal  through  an  optical  waveguide  is  a  good  solution  of  the 
problem. 

High  discharge  current  provides  high  values  of  plasma  charge  density  and 
consequently  high  probe  current  values.  Under  the  conditions  of  considerable  local 
electric  potential  oscillations  this  excludes  any  possibility  of  application  of  single 
probes.  Actually,  during  the  process  of  potential  variation  a  single  probe  can  be 
subject  to  considerable  electron  current.  The  probe  heating  results  at  least  in  an 
uncontrolled  growth  of  noise  emission  current,  which  masks  the  signal  probe  current, 
or  even  results  in  destruction  of  the  probe.  A  double  probe  seems  to  be  an  optimal 
choice  for  the  conditions  described  above.  In  such  a  case  both  probe  surfaces  always 
have  a  negative  potential  relatively  the  local  plasma  potential,  and  the  probe  current  is 
always  limited  by  the  ion  saturation  current.  If  probes  are  both  placed  in  the  same 
equipotential  surface  of  the  plasma,  the  voltage  between  them  is  (in  a  certain 
approximation)  independent  of  the  local  potential  fluctuation.  Besides  that,  double 
probe  application  has  an  advantage  that  it  meets  automatically  a  requirement  that  the 
probe  circuit  should  not  intercept  a  significant  part  of  the  discharge  current. 

Note  also  that  our  previous  experiments  in  application  of  probes  for  diagnostics  of 
supersonic  plasma  flows  [5]  have  shown  that  transmitting  of  both  measurement  and 
control  signals  in  a  digit  form  makes  it  possible  to  apply  a  single  optical  waveguide. 
Thus,  main  requirements  to  a  probe  circuit  are  the  following: 

•  double  probe  scheme  application 

•  optical  separation 


•  PC  control 


•  voltage-current  characteristic  measurement  time  no  more  than  10  |is 

•  transfer  of  signals  in  a  digital  form 

1.1.2.  Requirements  to  Probe  Design 

Double  probes  collect  the  ion  current,  which  is  as  a  rule  much  lower  than  the  electron 
current.  On  the  one  hand,  under  the  conditions  of  considerable  discharge  noises  the 
signal  should  not  be  very  weak,  and  it  is  desirable  to  enhance  the  probe  working 
surface  area.  On  the  other  hand,  it  is  important  to  minimize  gas  dynamical 
perturbations  in  a  supersonic  plasma  flow,  that  is  especially  important  for  double 
probes.  From  this  point  it  is  desirable  to  minimize  the  probe  size  to  the  limit  of 
mechanical  stability  in  a  supersonic  flow. 

Furthermore,  according  to  the  computer  simulation  of  the  situation  around  the  probe 
(see  Chapter  III),  a  rarefaction  of  gas  near  the  probe  surface  and  external  field 
concentration  result  in  a  multiple  growth  of  the  plasma  characteristic  parameter  EMg, 
intensive  ionization,  multiple  rise  of  plasma  concentration  and  thus  growth  of  the 
probe  current.  Determination  of  plasma  concentration  in  such  a  case  can  be  difficult 
(if  possible).  From  this  point  of  view  it  is  desirable  to  decrease  the  probe  radius  too. 

However  the  probe  size  can  appear  to  be  considerable  in  a  case  of  necessity  to  chill  its 
surface.  Under  the  conditions  of  interest  (high  density  of  gas,  high  discharge  current) 
probe  surface  heating  is  quite  possible.  In  accord  with  Chapter  I,  p.  1.4,  this  heating  is 
negligible  if  thermal  electron  emission  current  is  negligible.  A  rough  estimate  of  the 
probe  ion  current  is  [6] 


ji  =0.25  e  nivi, 

here  n,  and  n,  are  the  ion  concentration  and  ion  velocity  on  the  boundary  of  the  double 
charged  layer.  An  estimate  for  the  current  of  thermal  emission  is 

jr~100r/exp(-e//(kBr,)), 

here  Ts  is  the  surface  temperature,  /  is  its  work  function.  For  refractory  metals(W,  Mo) 
at  Ts  ~  1500  K  the  current  jV  <10“  A/cm,  i.e.  the  yield  of  the  possible  thermal 
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electron  emission  is  negligible  at  n,  >  10  cm'  . 


Our  experiments  with  DC  discharges  have  shown  that  this  condition  is  met  even  at 
high  discharge  current.  In  the  pulsed  periodical  discharges  the  pulse  duration  has 
proved  to  be  short  enough  to  provide  an  absence  of  considerable  heating  of  the  probe 
surface.  Thus,  under  the  conditions  of  interest  one  can  use  probes  without  chilling, 
that  makes  it  possible  to  choose  minimal  possible  probe  characteristic  sizes. 

A  compromise  between  the  factors  mnsidered  above  has  resulted  in  a  design  of 
double  cylindrical  probe  with  a  diameter  of  0.2-0.5  mm  and  length  of  3-5  mm,  made 
of  Mo  or  W  wires  and  placed  inside  an  AhOa  capillary. 

1.2.  A  PC-controlled  probe  measurement  circuit 
with  an  opto  galvanic  isolation 

The  principles  of  operation  are  based  upon  the  transformation  of  measured  analogue 
signal  to  a  digital  sequence,  the  transmission  of  the  said  sequence  via  optic  fiber  line 
for  the  required  distance  and  the  followed  back  transformation  of  the  digit  code  to  the 
analogue  signal. 


The  block  diagram  of  the  device  is  presented  in  fig.4.1.  Timing  and  controlling  of  the 
device  are  governed  by  the  computer  (13)  via  unit  (11)  and  (12).  At  the  time  moment 
to  (start  point  of  measurement  of  the  probe  voltage-current  characteristic)  the  module 
(11)  forms  a  start  pulse,  which  is  transmitted  to  the  generator  (12)  of  a  current  of 
injection  and  management  of  an  emitter  (14).  The  emitter  (14)  will  transform  an 
injection  current  pulse  to  a  light  pulse.  A  laser  diode  ????-301-l  with  average 
power  300  mW  and  wavelength  790-820  nm  is  used  as  an  emitter. 

The  0.1  mcs  long  optical  pulse  is  transmitted  through  a  fibre-optical  line  (15)  on  a 
photosensitive  site  of  the  photoreceiver  (16),  which  transforms  the  light  beam  to  an 
electric  current.  The  photodiode  ?  ?  ?  1  with  a  wavelength  790-820  nm  is  used  as  the 
photoreceiver.  The  electric  current  signal  is  further  transmitted  to  the  block  of 
amplification  (17). 


Fig.4.1.  The  Device  for  Probe  Measurements  in  Plasma 


The  block  of  amplification  (17)  consists  of  a  trans  impedance  amplifier,  an  amplifier  - 
proofer  and  a  threshold  element.  Trans  impedance  amplifier  transforms  a  signal 
current  of  the  photodiode  to  an  integrated  voltage.  The  amplifier  -  proofer  is  intended 
for  amplification  and  restoring  of  the  form  of  a  signal.  The  threshold  element  forms  a 
digital  signal  in  levels  of  TTL  (transistor-transistor  logic)  on  an  output  of  the  block 

(17) ,  and  also  allows  to  reduce  modification  of  on-off  time  ratio  of  an  output  signal  in 
a  dynamic  range.  The  threshold  element  is  based  on  a  comparator,  which  is  connected 
in  accord  with  the  Schmitt  trigger  circuit  design. 

A  0.1-|is  long  electric  switching  pulse  is  formed  in  the  unit  (17)  and  is  transmitted  to 
the  unit  of  formation  of  linearly  growing  bias  voltage  (18).  This  unit  is  designed  as  a 
voltage  integrator  on  base  of  a  powerful  operational  amplifier.  The  electric  circuit  of 
measuring  of  the  double  probe  voltage  current  characteristic  is  comprised  of  the  unit 

(18) ,  the  plasma  under  investigation,  the  probes  (1)  and  (2),  and  a  15-Ohm  resistor 
(3). 

The  voltage  bias  U(t)  in  the  probe  circuit  changes  linearly  from  a  minimal  voltage  of  - 
25  V  to  a  maximal  voltage  of  -i-25  V  during  10  |is.  The  resulting  probe  current  i(t)  in 
this  circuit  is  continuously  transformed  by  a  unit  (4)  into  a  frequency  of  pulse 
repetition.  This  unit  is  a  voltage-to-frequency  transformer  on  base  of  the  chip 
VFCllO.  The  mean  transformation  frequency  is  3.0  MHz. 

The  electric  pulses,  which  are  formed  by  (4),  are  transformed  into  a  sequence  of 
optical  pulses  by  a  laser  diode  ?  ?  ?  1  (5).  The  optical  pulses  are  transferred  through 
an  optical  guide  (6)  to  an  optical  detector  (7),  then  the  signal  is  amplified  in  (8)  and 
enters  a  unit  (9),  in  which  the  inverse  transformation  of  repetition  rate  into  voltage  is 
carried  out.  The  unit  (9)  includes  a  transformer  “frequency-to- voltage”  based  on  the 
chip  VFCllO  and  a  low  frequency  adaptive  filter  based  on  the  chip  SHC615.  The 
waveband  of  the  unit  (9)  is  350  kHz  (on  the  level  of  -3  dB).  Thus,  the  output  signal  of 
the  unit  (9)  is  all  the  time  in  a  direct  proportion  with  the  probe  current  i(t).  The 
electric  circuit  designs  of  the  units  (8)  and  (17)  are  absolutely  identical. 


In  a  moment  of  time  to  a  unit  (11)  also  starts  a  sequence  of  100  transformations,  which 


are  carried  out  by  a  unit  (10)  in  fixed  intervals  of  0.1  |is.  The  unit  (10)  is  a  12-bit  3-ns 
analog-to-digit  converter.  As  the  temporary  dependence  of  the  bias  voltage  is  also  pre¬ 
determined,  an  array  of  100  pairs  of  values  {U(ti),  i(ti)}  is  formed  in  a  memory  of  the 
computer  (13),  that  is  the  measured  voltage-current  characteristic. 


The  parameters  of  the  device  are  shown  in  the  Table  1. 
Table  1. 


Duration  of  single  probe  VAC  measurement 

10  |is 

Probe  bias  limits 

±25  V 

Probe  current  limits 

±50  mA 

Bandwidth 

350  kHz 

( -3  dB  level) 

ADC 

12  bit 

Fiber  optic  line 

<  300  m 

High  voltage  isolation 

not  limited 

A  typical  view  of  a  probe  current  signal,  which  is  formed  by  this  electric  scheme  at  a 
constant  bias  voltage,  is  presented  in  Fig.  4.2. 

The  double  probe  was  positioned  in  the  cathode  (high-voltage)  region  of  flow  with  a 
separation  of  2  cm  from  the  electrode.  The  measurement  corresponds  to  the  pulsed 
periodical  discharge  with  a  300- |is  pulse  duration,  initial  electric  current  of  25  A 
(Fig.4.3)  at  the  value  of  gas  pressure  in  the  chamber  being  100  Torr,  and  the  pressure 
in  the  receiver  of  the  compressor  being  1  atm. 

One  can  see  a  bipolar  noise  signal,  which  corresponds  to  the  discharge  gap  breakdown 
(Fig.4.3),  and  then  a  quick  growth  of  the  signal,  which  corresponds  to  an  arrival  of  the 
plasma  jet  to  the  place  of  probe  positioning. 

Later,  during  the  pulse,  the  absolute  value  of  the  probe  electric  current  signal,  which  is 
proportional  to  the  ion  density,  is  oscillating  chaotically,  but  its  mean  value  is  slowly 
decreasing  in  a  correlation  with  the  discharge  current.  The  change  of  the  signal 
polarity  is  a  noise  corresponding  to  switching  off  of  the  discharge  pulse. 


- i 


Fig.4.2  Temporary  evolution  of  probe  current  in  pulse-periodic  discharge. 

Probes  0  0.3  mm,  1  =  5  mm,  bias  voltage  Ub  =  18  V.  Cathode  flow,  z  =  2  cm. 
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Fig.  4.3  Oscillogramm  of  discharge  current  in  case  of  conditions  of  Fig.4.2. 

Pulse-periodic  discharge,  x=  300  ps,  p  =100  Torr,  P  =  2  atm. 


At  measuring  the  voltage-current  characteristic  of  the  double  probe,  the  sawtooth 
voltage  bias  was  applied.  Typical  oscillograms  of  the  probe  voltage  and  current  are 
shown  in  Fig.  4.4  for  a  pulsed  periodical  discharge.  One  can  see  that  within  a  10-|is 
interval  of  voltage  linear  growth  the  oscillations  of  the  probe  current,  which  are  bound 
with  discharge  instabilities,  are  not  so  high,  and  it  is  possible  to  derive  a  voltage- 
current  characteristic  of  the  double  probe. 


Fig.4.4  Oscillogram  of  probe  current  and  bias  voltage. 

Probes  0  0.3  mm,  1  =  5  mm.  Ub  =  ±  25  V,  R  =  5  Ohm.  Anode  flow,  z  =  5  cm. 
Pulsed  periodic  discharge,  x=  300  |is,  p  =100  Torr,  P  =  2  atm. 


Fig.4.5  Example  of  processing  measured  probe  signal  with  the  help  of  developed 

program. 

Pulse-periodic  discharge,  x  =  300  |is,  p  =  100  Torr. 

I-V  probe  characteristic  was  determined  with  the  help  of  special  developed  program 
(Fig.4.5).  The  program  allows  to  look  through  the  measured  oscillograms  of  bias 
voltage  and  probe  current  (left  pair  of  figures:  upper  figure-  bias  voltage,  lower  figure 
-  probe  current),  to  select  a  desirable  recording  area  -  middle  pair  of  figures  and  to 
construct  I-V  probe  characteristic  -  right  figure.  As  it  is  visible,  under  these  conditions 
it  appears  linear. 

Another  type  of  the  scheme  of  a  PC  controlled  probe  with  an  opto  galvanic  isolation 
has  been  used  also  in  plasmadynamic  discharge.  In  this  curcuit  an  opto  galvanic 
isolation  has  been  carried  out  with  the  help  of  opto-pairs. 

The  probe  signal  is  formed  on  the  resistor  R  and  is  transmitted  on  an  input  of  the 
fitting  amplifier  for  an  amplification  up  to  magnitude,  sufficient  for  effective  coding 
by  an  analog-to-digitial  converter  (ADC).  ADC  signals  is  transmitted  on  an  input  of 
the  opto-pair.  The  allowable  maximum  voltage  on  isolation  of  a  opto-pair  is  equal  to  7 
kV,  the  delay  time  does  not  exceed  5  |is.  The  exchange  of  signals  with  the  computer  is 
carried  out  through  a  10  m  long  standard  computer  cable.  The  minimum  interval 
between  two  sequential  measurements  is  equal  to  20  |is.  The  synchronization  of 
discharge  impulse  with  a  cycle  of  measurements  is  stipulated  in  the  circuit.  The  user 
sets  magnitude  of  bias  voltage  between  probes,  number  of  measurements  and  delay 


time  between  synchronization  impulse  and  beginning  measurement. 


The  temporary  dependence  probe  current  sample  is  shown  on  fig.4.7  in  the  case  of 
plasmadynamic  discharge.  One  can  see  a  noise  signal,  which  corresponds  to  the 
discharge  gap  breakdown  and  650  |is  later  a  quick  growth  of  the  signal,  which 
corresponds  to  an  arrival  of  the  plasma  jet  to  the  plase  of  probe  positioning  z. 


Fig.4.6.  Draft  design  of  a  circuit  for  measurement  of  voltage-  current 
characteristic  of  the  double  prohes 


Fig.4.7.  Temporary  dependence  probe  current  signal,  which  is  formed  opto-pair 
isolation  circuit,  in  plasmadynamic  dischargeP=300  Torr,  z  =  22  cm. 


1.3.  Electric  Field  and  Floating  Potential  Measurements 


The  discharge  electric  field  E  is  defined  as  a  gradient  of  plasma  potential  f 

E  =  -  grad  f . 

At  probe  measurement  of  the  electric  field,  voltage-current  characteristics  of  two 
identical  single  probes  situated  in  points  with  coordinates  ^  and  Z2  are  often  obtained, 
then  potentials  are  derived,  and  the  mean  electric  field  is  calculated  as 

Ez  =  (f  1  -  f  2)/(zi  -  Z2). 

Such  a  scheme  is  applicable  for  steady  or  very  stable  pulsed-periodical  discharges.  If 
temporary  resolution  of  measurement  is  necessary,  then  a  difference  of  floating 
potentials  is  applied.  As  a  floating  potential  is  defined  from  a  condition  I(Vf)  =  0,  each 
of  the  probes  is  grounded  through  a  divider  with  a  high  input  resistance.  The 
difference  is  measured  with  use  of,  e.g.,  a  differential  amplifier.  Such  a  scheme  of 
field  measurement  (Eig.4.8)  has  been  applied  in  the  current  experiments. 


Fig.4.8.  Scheme  of  Measurement  of  Electric  Field  in  a  supersonic  plasma  flow 


A  basic  circuit  diagram  of  field  measurement  in  a  supersonic  plasma  flow  is  shown  in 
Fig.  4.9. 


Fig.4.9.Basic  circuit  diagram  of  field  measurement 

Each  of  the  probes  was  grounded  through  a  divider  1:11  with  3-MOhm  input 
resistance.  For  discharges  in  supersonic  flows,  only  an  input  resistance  of  about  1 
MOhm  can  provide  that  the  point  on  the  voltage-current  characteristic  corresponds  to 
the  floating  potential.  Actually,  assuming  that  the  value  of  potential  relatively  the 
ground  is  about  1  kV,  one  can  estimate  the  probe  leakage  current  to  be  about  fractions 
of  mA.  The  probe  ion  current  is  about  10  mA  under  such  conditions.  Thus,  the 
leakage  current  is  already  few  percent  of  the  probe  current.  If  this  percentage  grows, 
the  working  point  on  the  voltage-current  characteristic  shifts  from  the  floating 
potential  to  its  ion  part,  and  the  signal  corresponds  to  the  temporary  dependence  of  the 
charge  density  instead  of  that  of  the  potential. 

The  signal  from  the  calibrated  resistors  enters  the  input  of  a  chip  AD  822AN-based 
differential  amplifier  with  a  coefficient  of  transmittance  1  (parameters  of  the  amplifier 
for  the  applied  power  supply  regime  Vs=  ±  ISvolts  are  presented  in  Table  2). 

The  differential  amplifier  is  necessary  to  select  the  signal  (the  difference  of  potentials 
between  the  probes)  and  to  suppress  powerful  synchronous  phase  noise  that  is 
generated  by  the  discharge.  The  output  of  the  differential  amplifier  is  connected  with 


a  digital  memory  oscilloscope,  which  transfers  the  digitized  data  into  a  computer. 


Table  2 

AD822AN  SPECIFICATIONS  Vs=±15volts 


Parameter 

Min. 

Typ. 

Max. 

Units 

INPUT 

CHARACTERISTICS 

Common-mode  voltage  range 

-15.2 

14 

V 

Input  impedance 

Differential 

Common  mode 

10^^/ 0.5 
10^^/ 2.8 

a/pE 

a/pE 

DINAMIC  PERFORMANCE 

Unity  gain  frequency 

1.9 

MHz 

Settling  time  to  0.1% 

4.1 

mks 

Bot  longitudinal  (along  the  flow)  and  transversal  components  of  the  electric  field  have 
been  measured  in  the  scope  of  current  experiments.  For  so  doing,  a  couple  of 
cylindrical  tungsten  probes  was  positioned  in  a  plane,  which  was  parallel  or  normal  to 
the  flow.  The  axes  of  the  probes  were  always  normal  relatively  the  flow.  As  a  rule, 
00.4x5  mm  probes  with  2.5  mm  separation  were  applied. 

The  mechanical  system  has  been  used  for  a  precise  positioning  of  the  probes  in  the 
discharge  region.  Fig.4.10  shows  its  appearance.  The  probe  can  be  slowly  moved  both 
in  the  vertical  and  in  the  horizontal  planes  by  a  couple  of  electric  motors.  The 
mechanical  system  is  installed  inside  the  work  chamber.  The  control  of  its  operation  is 
carried  out  with  use  of  a  control  desk  that  is  placed  outside  the  chamber,  it  is  joined 
with  the  mechanical  system  through  a  hermetic  connection. 

The  probe  coordinates  relatively  the  electrodes  were  determined  with  use  of  a  He-Ne 
laser  beam. 

At  the  measurements  of  the  floating  potential,  the  signal  was  taken  from  the  resitance 
of  the  240  kOhm  divider. 

A  typical  view  of  the  signals,  which  are  proportional  to  the  floating  potential  (the 
lower  beam)  and  to  the  transversal  electric  field  (the  lower  beam)  is  shown  in 


Fig.4.11.  for  the  case  of  the  pulsed  periodical  discharge  with  pulse  duration  of  300  ps 
and  the  initial  gas  pressure  of  100  Torr. 


Fig.4.10.  Appearance  of  installation  for  a  precise  positioning  of 

probes 

The  probe  that  measures  the  floating  potential  was  positioned  in  the  cathode  (high 
voltage)  plasma  jet  6  cm  below  the  electrodes.  Some  5  mm  below  a  parr  of  probes  was 
positioned  normally  to  the  flow. 

The  first  signal  on  both  of  the  rays  is  a  noise  corresponding  to  the  discharge  gap 
breakdown  (starting  off  of  the  pulse).  Some  ~  90  ps  later,  the  plasma  jet  reaches  the 
first  probe.  One  can  see  a  potential  jump,  which  corresponds  to  the  cathode  jet 
potential  in  the  point  z  =6  cm  in  this  moment  of  time.  Then  the  potential  continues  to 
grow  till  its  fall  to  zero  at  the  end  of  the  pulse  (see  Chapter  5,  p.5.2). 

The  electric  field  signal  appears  later,  for  the  measuring  probes  are  positioned 
downstream.  One  can  see  that  the  electric  field  does  not  change  significantly  during 
the  pulse.  When  the  discharge  voltage  is  switched  off,  the  scheme  shows  a  high  peak 
of  the  signal,  and  then  the  signal  disappears. 


Fig.4.11.  Signal  of  floating  potential  (upper  beam)  and  signal  of  transversal 
electric  Held  (lower  beam)  in  plasma  of  pulse  periodic  discharge. 

Pulse  duration  x  =  300  |is,  pressure  in  the  chamber  p  =  100  Torr,  discharge  current  I  ~ 
20  A.  Cathode  part  of  flow,  z  =6  cm,  50  |is/div. 

In  some  cases  an  analog  memory  oscilloscope  C8-17  was  applied  instead  of  the  digital 
memory  oscilloscope.  Typical  oscillograms  are  shown  in  Fig.4.12,  4.13  for  the  anode 
jet.  The  electric  current  pulse  was  registered  by  the  lower  beam.  Fig.4.12  shows  an 
oscillogram  of  the  transversal  field,  and  Fig.4.13  shows  the  longitudinal  field  in  the 
anode  part  of  the  pulsed  periodical  discharge  at  separations  of  probes  from  the 
electrodes  z  =  5  cm  and  z  =2  cm,  correspondingly.  Analogously  to  the  Fig.4.11,  at  the 
moment  of  breakdown  a  noise  is  generated,  and  a  fast  signal  growth  corresponds  to 
the  moment  when  the  plasma  jet  reaches  the  probes.  One  can  see  that  both  the 
longitudinal  and  transversal  fields  are  weakly  varying  with  time. 


Fig.4.12.  Signal  of  transversal  electric  field  (upper  beam)  and  signal 
of  discharge  current  (lower  beam)  in  plasma  of  pulse  periodic 

discharge 

Pulse  duration  x  =  340  |J,s,  pressure  in  the  chamber  p  =  190  Torr,  pressure  in  the 
receiver  P  =  1  atm,  discharge  current  I  ~  8  A. 

Anode  part  of  flow,  z  =  5  cm,  100  ps/div. 


Fig.4.13.  Signal  of  longitudinal  electric  field  (upper  beam)  and  signal  of 
discharge  current  (lower  beam)  in  plasma  of  pulse  periodic  discharge. 

Pulse  duration  x  =  340  ps,  pressure  in  the  chamber  p  =  100  Torr,  discharge  current  I  ~ 
24  A.  Cathode  part  of  flow,  z  =  2.5  cm,  100  ps/div. 


§  2.  Spectroscopic  methods 


2.1  A  Set  up  for  Spectral  Diagnostics 

For  gas  and  vibration  temperatures  measurement  at  the  discharge  in  supersonic 
airflow,  a  diagnostic  set  up  has  been  assembled.  Radiation  of  the  discharge  that  is 
formed  in  supersonic  airflow,  is  projected  on  input  slots  of  two  spectral  devices 
through  the  windows  of  chamber,  the  mirrors,  and  the  focusing  quartz  lenses  (with 
focal  length  f  =  20  cm).  The  lens  diameter  and  f  were  chosen  so  that  to  provide 
projection  of  the  discharge’s  image  with  reduction  k  =  10,  and  use  of  all  the  light¬ 
gathering  power  of  the  devices.  A  spectrograph  ???-!  and  monochromator  ???-3 
were  used,  their  inverse  linear  dispersions  being  0.35  and  1.3  nm/mm  accordingly  for 
the  spectral  region  of  300... 400  nm.  In  order  to  measure  the  discharge  gas  and 
vibration  temperatures  spatial  distribution,  a  prism  was  used  that  could  provide 
orientation  of  the  discharge  image  either  parallel  or  normal  to  the  slot.  Either  axial  or 
radial  discharge  spectral  brightness  distribution  was  registered,  which  yielded  either 
longitudinal  or  radial  temperature  distribution  (for  fixed  radial  or  axial  coordinate). 

2.2.  Electronic  Analyzer  of  Optical  Spectra 

The  electronic  analyzer  of  optical  spectra  on  base  of  a  personal  computer  registers 
plasma  radiation  in  visible,  ultraviolet  and  infrared  spectral  ranges.  The  system  is 
designed  on  base  of  an  IBM-compatible  personal  computer.  The  sensor  of  plasma 
radiation  on  base  of  a  CCD  image  sensor  forms  a  video  signal  directly  proportional  to 
the  radiation  intensity  in  the  spectral  band  300  -  900  nm.  The  video  signal  is  coded  by 
an  analog-to-digital  converter  situated  on  an  Interface  card  and  is  sent  to  the  PC 
memory  as  an  array  of  data.  The  discharge  spectra  can  be  visualized  on  the  monitor  or 
printed  out  with  use  of  program  codes.  The  system  can  operate  in  two  regimes: 
synchronous  and  asynchronous.  At  synchronous  operation  the  pulses  of  discharge 
ignition  are  synchronized  with  the  CCD  cycles  of  exposition  and  pickup.  This  regime 
makes  it  possible  to  research  pulsed  discharges  or  to  integrate  the  information  on 
pulsed-periodical  discharges.  The  asynchronous  operation  yields  spectra  that  are 
averaged  during  all  the  time  of  exposition,  it  is  useful  for  research  of  DC  or  AC 
discharges. 

A  schematic  design  of  the  device  is  shown  on  fig.4.14  A  CCD  image  sensor  Toshiba 


TCD  1300D  is  used,  its  basic  characteristics  are  listed  in  the  Table  3  below. 
Table  3 


Number  of  Image  Sensing  Elements 

3648 

Image  Sensing  Elements  Size 

8  pm  by  8  pm  on  8  pm 

Photo  sensing  Region 

Hi  sensitive  pn  photodiode 

Sensitivity 

6  V/lx  s 

Saturation  Exposure 

0.3  lx  s 

Total  Transfer  Efficiency 

92% 

The  video  signal  formed  by  the  CCD  is  passed  to  a  broad-band  differential  amplifier 
for  compensation  of  a  constant  component  and  amplification  to  the  level  sufficient  for 
further  coding  by  the  analog-to-digital  converter.  Drivers  of  digital  signals  are 
necessary  for  formation  of  CCD  controlling  pulses. 

The  interface  card  (fig.4.15)  contains  a  12-bit  analog-to-digital  converter,  a  quartz 
generator  and  a  scheme  of  generation  of  synchronizing  pulses  for  controlling  of  CCD, 
a  universal  parallel  interface  of  control  of  executive  devices  (valves,  pumps  etc.)  and 
an  interface  logic  for  fitting  the  card  with  the  ISA  bus. 

An  experimental  spectrum  of  band  (0;2)  ?i=3805  A”  of  a  second  positive  system  of 
nitrogen  (measured  signal,  arbitrary  units,  over  the  numbers  of  sensor  cells  of  the 
CCD  image  sensor),  registered  by  the  developed  system,  shows  on  fig.4.16. 
Registration  time  for  one  frame  is  20  ms.  Integration  of  signals  over  several  periods  of 
CCD  scanning  and  a  digital  low  frequency  filtration  was  applied  for  suppression  of 
noises  of  the  amplifier  and  of  the  thermal  noise.  During  one  experiment  (duration  of 
the  discharge  being  about  1.5  s)  several  spectra  were  registered,  that  made  it  possible 
to  measure  the  gas  and  vibration  temperatures  with  temporary  resolution  about  20ms. 


CCD  Device 


Video  Preamplifier 


Clock  Series  for  CCD 
Image  sensor 


Fig.4.14 


Fig.4.15 


Fig.4.16 


2.3.  Kinetic  model  of  non-equilibrium  molecular  plasma 


The  methods  of  mathematical  simulation,  along  with  conventional  experimental 
methods  of  investigation  of  plasma  objects,  start  playing  an  ever  more  important  role. 
These  methods  enable  one  both  to  interpret  the  observed  phenomena  and  to  predict 
the  performance  and  optimum  operating  conditions  of  apparatuses  being  developed. 
We  have  performed  a  mathematical  simulation  of  the  kinetics  of  a  gas  heating  and 
creation  of  active  particles  in  the  nonstationary  nonequilibrium  plasma  of  a  discharge 
in  dry  air.  For  it  a  nonstationary  kinetic  model  was  used. 

It  is  known  that  vibration-excited  molecules  in  discharges  in  air,  bb,  CO,  CO2,  and 
other  molecular  gases  form  an  energy  storage.  The  discharge  parameters  depend 
considerably  on  the  method  by  which  this  energy  is  redistributed  between  various 
degrees  of  freedom  of  molecular  gas.  In  so  doing,  strong  correlation  exists  between 
vibration-excited  nitrogen  molecules  in  the  ground  electron  state  X’Zg  and  the 

energy  distribution  function  of  electrons,  as  was  first  demonstrated  by  Nighan  [1]. 
This  correlation  is  mainly  due  to  collisions  of  the  second  kind  between  electrons  and 
vibration  excited  nitrogen  molecules,  this  leading  to  an  increase  of  the  fraction  of  fast 
electrons  in  the  discharge  plasma  and,  accordingly,  to  an  increase  in  the  average 
energy  of  electrons.  This,  in  turn,  brings  about  a  sharp  increase  of  the  rates  of  electron 
excitation  and  ionization  and  an  increase  of  the  concentration  of  electron-excited  and 
active  particles  in  the  plasma.  The  reactions  occurring  in  a  nonequilibrium  plasma  and 
involving  such  particles  lead  to  a  rise  in  the  gas  temperature  greatly  affecting  the  rate 
constants  of  reactions  involving  heavy  particles. 

In  these  report,  the  main  attention  is  given  to  revealing  the  creation  of  active  particles 
in  nonequilibrium  molecular  plasma  and  the  basic  mechanisms  and  concrete  channels 
of  energy  transfer  to  the  translational  degrees  of  freedom  of  molecular  gas,  which  lead 
to  its  heating.  Intensive  theoretical  and  experimental  investigations  of  the  kinetics  of 
gas  heating  at  high  values  of  reduced  electric  field  E/ii>100  Td  have  been  under  way 
recently  [2]. 

Studies  into  the  heating  of  molecular  gas  under  conditions  of  free-localized 
microwave  discharge  have  revealed  that,  upon  pulsed  switching  on  of  the  field,  the 
gas  is  rapidly  heated  at  the  rate  of  tens  of  degrees  per  microsecond,  and  this  heating 
rate  decreases  sharply  after  a  period  of  10-20  |is  because  of  the  discharge  motion 


toward  the  source  of  radiation  and  because  of  the  electric  field  decrease  due  to  the 
skin  effect.  For  quite  some  time,  the  evolution  of  the  gas  temperature  in  time  could 
not  be  explained  using  the  then  known  mechanisms,  and,  accordingly,  the  gas  heating 
observed  at  the  beginning  of  the  effect  of  powerful  microwave  radiation  on  the  plasma 
was  referred  to  as  anomalously  fast. 

Various  mechanisms  are  known  which  might  lead  to  the  heating  of  molecular  gas  [2]. 
In  the  case  of  elastic  interaction,  part  of  the  electron  energy  is  transferred  to  the 
translational  degrees  of  freedom  of  molecules.  However,  because  of  the  great 
difference  between  the  mass  of  interacting  particles  and  the  small  degree  of  plasma 
ionization  (under  our  experimental  conditions  rie/rio  =  10“^  - 10'^)  the  rate  of  gas  heating 
due  to  elastic  interactions  does  not  exceed  one  hundredth  of  a  degree  per 
microsecond,  which  is  several  orders  less  than  the  measured  value  (tens  of  degrees  per 
microsecond). 

For  moderate  values  of  reduced  field  E/rr=50  Td,  the  main  part  (up  to  -80%)  of 
electron  energy  is  spent  for  vibrational  excitation  of  molecules  (Fig.4.17).  In  so  doing, 
owing  to  vibrational-translational  relaxation,  part  of  the  energy  may  be  transferred  to 
heat  the  gas.  In  the  case  of  nitrogen,  however,  because  of  the  magnitude  of  vibrational 
quantum,  the  probability  of  VT-relaxation  at  low  temperatures  is  low,  and,  as 
demonstrated  by  the  experimental  results  of  [2],  the  time  of  VT-relaxation  at  the  low- 
lying  vibrational  levels  of  the  ground  state  of  nitrogen  amounts  to  hundreds  of 
milliseconds,  while  the  time  of  gas  heating  is  approximately  10-20  |is. 

The  mechanism  of  relaxation  of  excited  molecules  on  a  surface  involving  the  transfer 
of  a  part  of  vibrational  energy  of  molecules  to  the  translational  degrees  of  freedom 
was  suggested  once  to  explain  the  heating  of  gas  at  low  pressures  in  a  dc  glow 
discharge  confined  by  walls.  However,  the  results  of  experiments  under  conditions  of 
free-localized  discharge  have  demonstrated  [2]  that,  in  the  absence  of  a  surface,  the 
gas  is  heated  as  effectively  as  in  the  case  of  a  discharge  confined  by  walls:  that  is,  the 
mechanism  under  consideration  is  not  a  determining  one. 

Under  the  experimental  conditions,  the  gas  could  be  heated  owing  to  the  process 
associated  with  the  quenching  of  vibration-excited  NO  molecules  formed  in  a 
microwave  discharge  in  the  air,  because  the  probability  of  VT-relaxation  of  NO 
molecules  is  much  greater  than  that  of  vibration-excited  nitrogen  molecules. 


However,  the  results  of  experiments  in  the  pulse-periodic  mode  of  microwave 
discharge  in  air  have  demonstrated  [2]  that  the  gas  starts  being  heated  even  in  the  first 
pulse  after  the  switching-on  of  the  microwave  energy,  while  a  significant 
concentration  of  NO  molecules  is  produced  in  the  plasma  only  after  several  tens  of 
pulses.  Moreover,  the  gas  is  heated  effectively  in  the  absence  of  NO  (free-localized 
microwave  discharge  in  nitrogen  [2])  as  well. 

An  important  part  in  forming  the  vibrational  level  distribution  of  molecules  is  played 
by  vibrational  quantum  exchange.  This  process,  with  due  regard  for  the  anharmonicity 
of  vibrations,  is  accompanied  by  conversion  of  only  a  small  part  of  vibrational  energy 
to  translational.  Therefore,  its  rate  is  high  even  at  low  temperatures,  and,  in  principle, 
it  is  capable  of  providing  a  fairly  high  rate  of  the  gas  heating.  However,  as 
demonstrated  by  the  experimental  results  (Fig.4.19),  the  rapid  heating  of  gas  in  a  fixed 
region  of  space  ceases  after  a  time  on  the  order  of  10-20  |is,  which  is  associated  with 
the  discharge  motion  and  field  screening,  although,  if  VV-exchange  was  responsible 
for  the  heating  of  gas,  rapid  heating  would  have  been  observed  even  after  the 
switching-off  of  the  field.  However,  as  demonstrated  by  the  calculation  results,  the 
relatively  slow  heating  of  gas  at  the  rate  of  ~0.1  K/ps,  which  is  observed  after  the 
switching-off  of  the  field  in  the  stage  of  deionization,  is  supported  by  this  process 
quite  well. 


Fig.  4.17.  The  fraction  of  electron  energy  transferred  to  the  various  freedom 
degrees  of  nitrogen  molecules  as  a  function  of  reduced  electric  field. 

V  -  vibrational  excitation  of  molecules;  el  -  elastic  interactions; 

X  -  excitation  of  the  electron  states  of  molecules;  I  -  ionisation. 


When  the  value  of  reduced  electric  field  E/n  increases,  the  fraction  of  energy 
transferred  to  vibrational  excitation  of  molecules  decreases,  and  the  fraction  of  energy 
for  excitation  of  the  electron  states  of  molecules  increases  (Fig.4.17).  In  so  doing,  it  is 
known  that,  if  vibrational-transiational  relaxation  in  the  air  is  slow,  the  processes  of 
quenching  of  electron-excited  molecules,  which  occur  in  various  channels  and  involve 
the  transfer  of  a  part  of  energy  to  translational  degrees  of  freedom,  are  rather  fast  and 
may,  in  principle,  support  the  observed  rapid  heating  of  gas. 


2.3.1  Non-stationary  kinetical  model  of  discharge  in  dry  air 


In  order  to  understand  the  physics  of  nonequilibrium  plasma  systems,  one  needs  to 
know  the  full  kinetics  of  the  processes  occurring  in  plasma.  For  this  purpose,  we  treat 
the  nonstationary  kinetic  model  that  includes  the  nonstationary  Boltzmann  equation 
(1)  for  the  energy  distribution  function  of  electrons  i(e,t);  the  system  of  nonstationary 
balance  equations  (2)  for  the  populations  Uy  of  vibrational  levels  of  the  ground  state 

X'Zg  of  the  nitrogen  molecule;  equations  (3)  for  the  populations  ux  of  electron- 
excited  states  B^Ttg,  C^Tl^,  a''Z“,  a^Ttg,  a^A^,  b'Zg  of  nitrogen  and  oxygen 

molecules;  equations  (4)  for  active  particles  n^,  (N,  O,  O3,  NO,  NO2,  N2O); 
equations  (5)  for  charged  particles  n^  (n^,  0“,  O2,  Oj,  O4,  NO”,  NOj,  N20”, 
n"^ );  and  the  nonstationary  heat  equation  (6)  for  the  gas  temperature, 
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This  model,  allowing  for  various  processes  of  energy  transfer  between  different 


degrees  of  freedom  of  molecular  gas,  enables  one  to  calculate  the  evolution  in  time  of 
the  electronic,  vibrational,  and  translational  energy  both  in  the  active  phase  in  the 
presence  of  the  large  electric  field  and  in  the  stage  of  deionization  of  discharge  plasma 
in  dry  air. 


The  kinetic  model  at  hand  for  the  calculation  of  the  energy  distribution  function  of 
electrons  includes  the  nonstationary  homogeneous  Boltzmann  equation  derived  from  a 
two-term  approximation  and  written  as 
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here,  f(8,t)  is  the  electron  energy  distribution  function,  normalized  such  that,  for  any 


moment  of  time,  Jf(8,t)E'^^  d8  =  1 ;  8  is  the  energy  of  incident  electrons; 

0 

=  (2/m)’^^8^/2c»c(8) ,  Vre  =  (2/m)^^^8’/^C»,e(8)  ,  V^l  =  (2/m)^^^  8’/^C)^l(8)  , 

Vy^=(2/m)'  e^^Oy^ie)  denote  the  normalized  collision  frequency  for  different 
processes  under  consideration;  e  and  m  denote  the  electron  charge  and  mass, 
respectively;  Tg  is  the  gas  temperature;  is  the  transport  cross  section  of  electron- 
molecule  scattering;  is  the  cross  section  of  electron  impact  excitation  of  rotational 
levels;  a,,j  is  the  cross  section  of  electron-molecule  inelastic  collisions  upon  their 
excitation  from  the  v-th  to  1-th  state;  is  the  excitation  cross  section  of  vibrational 
level  w  upon  collision  of  an  electron  with  a  molecule  at  level  v  of  the  ground  state; 
8^,  and  8„,^  denote  the  threshold  energy  for  the  transitions  being  treated;  n  is  the  total 
concentration  of  molecules;  Uy  is  the  concentration  of  molecules  at  the  v-th  vibrational 


level  of  the  ground  state  X'Zg  of  the  nitrogen  molecule;  and  Xy  =  ny/n  is  the 
relative  number  of  molecules  in  the  v-  th  state,  which  satisfies  the  condition  ^  =  1 . 

V 

Equation  (7)  implies  that  the  variation  in  the  total  electron  flux  along  the  energy  axis 
(the  first  three  terms  in  the  right-hand  part,  associated  with  the  electric  field  effect, 
elastic  collisions,  and  excitation  of  rotational  degrees  of  freedom)  is  due  to  the  arrival 
and  departure  of  electrons  owing  to  inelastic  collisions  of  the  first  and  second  kind. 
Equation  (7)  was  replaced  by  a  difference  equation  which  was  solved  by  the  sweep 
method  [2] . 


In  the  explicit  form,  the  set  of  balance  equations  (2)  for  the  populations  of  vibrational 
levels  nv  of  the  state  of  N2(X^Ep  may  be  written  as 
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where  P^^_i  and  are  the  rate  constants  of  VT-relaxation  and  VV-exchange, 


and  k;,  =  j  o„,(8>j—  f(e)d  e  is  the  rate  constant  of  population  of  vibrational  level 


V  by  electron  impact  as  a  result  of  the  process 


Ni (x‘E^, w)+  g<  7  v)+  e 


The  calculations  included  the  excitation  and  de-excitation  of  the  first  ten  vibrational 
levels  of  the  ground  state  X'E^  of  the  nitrogen  molecule  by  electron  impact  as  a 

result  of  reaction  (9),  where  0<v<10  and  0<w<10.  The  cross  sections  of  direct 
processes  were  determined  using  the  data  of  [3,  4],  and  the  cross  sections  of  inverse 
processes  were  calculated  using  the  principle  of  detailed  equilibrium  [5].  The 
coefficients  of  the  rates  of  VT-  and  VV-processes  of  energy  exchange  were  calculated 
from  the  SSH  theory  [6,  7]  modified  for  the  VT-  [8]  and  VV-processes  [9].  The  rate 
coefficients  for  inverse  processes  were  found  from  the  principle  of  detailed 
equilibrium  [10].  The  energy  of  vibrational  levels  was  calculated  using  the 


assumption  of  an  anharmonic  oscillator, 

E^  =  ;iCo(v+l/2)-Xe/iCo(v+l/2f ,  (10) 

with  fi(0  =235S, 51  cm~^  and  x^/iCO  =  14.32  cm”'  [10].  Therefore,  the  level  v=46 
corresponds  to  the  dissociation  energy  of  nitrogen,  and,  accordingly,  system  (2) 
consists  of  46  equations  for  0<v<45. 


The  equations,  defining  the  concentration  of  excited,  active,  and  charged  particles  that 
form  during  the  discharge  existence,  include  the  processes  of  excitation  of  electron 
states,  ionization  and  dissociation  of  heavy  particles  by  electron  impact,  associative 
ionization,  electron  attachment  and  detachment  involving  electrically  positive 
components  of  air,  electron-ion  and  ion-ion  recombination,  ion  conversion,  and 
chemical  transformations  of  particles  in  the  ground  and  excited  states. 


^  -  tiwlJ  +  F,-  n,G, 

m,q 


(11) 


where  w[[j,  is  the  probability  of  transition  from  the  state  k  to  the  state  m  under  the 
effect  of  the  q-th  elementary  process,  and  Fj,  is  the  source  of  formation  of  particles  in 

the  k-th  state  owing  to  the  processes  in  which  neither  the  particle  in  question  nor  its 
ion  takes  part;  that  is,  is  independent  of  n^  (for  example,  dissociative 

recombination  with  the  formation  of  an  excited  atom  in  the  k-th  state).  Then, 
F^  =  n^n^kj  (k^  is  the  rate  constant  of  dissociative  recombination  with  the  formation 
of  an  excited  atom  in  the  k-th  state,  and  n^  is  the  number  density  of  molecular  ions). 
The  group  of  processes  G  describe  the  loss  of  excited  atoms  as  a  result  of  processes 
in  which  no  atoms  of  the  element  being  treated  are  formed  in  either  the  ground  or  an 
excited  state.  Associative  ionization  may  serve  as  an  example  of  a  process  of  the 

type.  In  this  case,  G^  =  n^k]^  (k[  is  the  rate  constant  of  associative  ionization  of  an 
atom  in  the  k-th  state).  In  the  case  of  diffusion,  Gj^  =  (I  /  n|^)div  Jj,,  where  Jj,  is  the 
diffusion  flux  of  particles  in  the  k-th  state  due  to  their  motion  in  space.  The  reaction 
rate  constants  and  their  temperature  dependences,  essential  for  calculation  of  the 
particle  number  density,  are  given  in  [11-14]  and  in  the  references  cited  in  these 
papers. 


The  following  processes  may  lead  to  the  heating  of  gas:  energy  transfer  to  the 
translational  degrees  of  freedom  during  elastic  electron-molecule  collisions. 


rotational-  translational  and  vibrational-translational  relaxation,  vibration- vibration 
exchange,  and  quenching  of  electron-excited  states.  Then,  equation  (6)  may  be 
rewritten  as 
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The  first  term  in  the  right-hand  part  of  equation  (12)  defines  the  energy  transferred  by 
electrons  to  heavy  particles  upon  elastic  collisions  with  gas  molecules  (M  is  the 
molecular  mass;  Ue  and  Te  denote  the  number  density  and  temperature  of  electrons, 
respectively;  and  Vg(8)  is  the  elastic  collision  frequency  averaged  with  respect  to  the 
energy  distribution  function  of  electrons).  Eor  E/n>10  Td  the  fraction  of  energy 
transferred  by  electrons  to  gas  molecules  upon  elastic  collisions  is  less  than  10"  . 


As  the  reduced  electric  field  increases  to  E/n<100  Td,  the  main  losses  of  electron 
energy  are  due  to  vibrational  excitation  of  molecules.  Because  a  significant  amount  of 
energy  spent  for  vibrational  excitation  of  molecules  may  be  transferred  back  to 
electrons  during  superelastic  collisions,  it  is  necessary  to  solve  the  self-consistent 
problem  of  finding  the  energy  distribution  function  of  electrons  and  the  function  of 
distribution  of  molecules  over  vibrational  levels  of  the  ground  state.  In  so  doing,  the 
fraction  of  fast  electrons  increases  in  the  electron  energy  distribution  function,  this 
leading  to  a  considerable  increase  of  the  rate  constants  of  excitation  of  different  levels 
of  molecules.  A  part  of  the  energy  stored  in  the  vibration  storage  may  be  spent  to  heat 
the  gas  either  owing  to  VT-exchange  between  nitrogen  molecules  (the  second  term  in 
the  right-hand  part  of  equation  (12)),  with  a  part  of  vibrational  energy 
AEy^  =  Ey  -  Ey_j  transferred  to  the  translational  degrees  of  freedom  of  molecules,  or 
owing  to  VV-exchange  (the  third  term  in  the  right-hand  part  of  equation  (12)),  with 
V  -t  w  =  v'  -f  w'  and  a  minor  part  of  energy  AEyy  =  Ey  -h  E^  -  Ey-  -  E^-  going  to 

heat.  Because  the  time  of  VV-exchange  (for  lower  vibrational  levels)  is  much  less 
than  that  of  VT-relaxation,  the  contribution  by  VV-exchange  to  the  heating  of  gas 
may  be  much  greater  than  that  by  VT-relaxation,  in  spite  of  the  fact  that  it  is  only  a 
minor  part  of  energy  that  goes  to  heat.  Apparently,  the  nitrogen  atoms  are  capable  of 
quenching  vibrationally  excited  nitrogen  molecules  with  the  same,  or  even  higher. 


efficiency  [15].  Therefore,  if  the  concentration  of  nitrogen  atoms  in  the  discharge  is 
high,  one  must  take  this  process  into  account  in  studying  the  kinetics  of  heating  of 
molecular  gas. 

However,  as  shown  in  [16,  17]  for  conditions  close  to  those  under  discussion,  the 
production  of  nitrogen  atoms  in  the  discharge  occurs  over  times  on  the  order  of  or 
more  than  several  tens  of  microseconds,  while,  at  the  initial  stage  of  discharge,  when  a 
rapid  heating  of  gas  is  experimentally  observed,  the  number  density  of  gas  atoms  is 
negligibly  small  =  (10”^  -^10~^)n^)  and  the  effect  of  this  process  may  be  ignored. 

If  E/n>100Td,  a  considerable  part  (-50%  or  more)  of  energy  received  by  the  electrons 
from  the  field  goes  to  excitation  of  electron  states  of  molecules  and  ionization 
(Fig.  17).  In  this  case,  the  concentration  of  electron-excited  states  of  nitrogen  may  be 
high,  and  a  part  of  their  energy  during  quenching  (the  fourth-sixth  terms  of  the  right- 
hand  part  of  equation  (12))  goes  to  heat. 

The  coefficients  of  the  rates  of  reactions  involving  metastable  molecules  ,  were 

borrowed  from  [18-20].  The  values  of  =  1.1  •  10"^  crn  s~^ ,  kfl  =  2.6  •  10~'°  crn  s~^ 
[19],  and  k^^^  =3- 10~'°  cm^ s~^  [20]  were  used  in  the  calculations.  In  so  doing,  the 
energy  of  the  particles  involved  in  the  reactions  in  question  is  divided  between  the 
translational  and  vibrational  degrees  of  freedom  of  nitrogen  molecule.  Approximately 
one-half  of  the  remaining  energy  goes  to  vibrational  excitation,  and  the  other  half,  to 
heating  [21].  The  fraction  of  energy  that  goes  to  heating  as  a  result  of  the  process 
A -I- X-i- 5 ,  r|]  =  0.5,  r|2  =  0.13  for  the  process  A-i-A^  X-i-C,  and  Pj-O.lb 
for  the  process  A-\-  X  ^  X  +  B,C . 

The  energy  losses  to  the  environment,  Q,  for  a  free  localized  microwave  discharge  are 
defined  by  thermal  conductivity  due  to  translational-rotational  degrees  of  freedom,  by 
heat  radiation  in  the  volume  radiator  approximation,  and  by  wind  drift. 

2.3.2  Results  of  numerical  calculations  of  gas  heating 

As  demonstrated  by  the  numerical  calculation  results,  the  rate  of  gas  heating  depends 
considerably  on  the  pumping  intensity  of  the  electron-excited  states  of  molecules,  that 
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is,  on  the  value  of  E/n,  while  the  values  of  the  constants  ky^  that  consider 

ably  affect  the  concentration  of  excited  nitrogen  molecules  have  almost  no  effect  on 


the  rate  of  gas  heating  (Fig.4.18).  This  conclusion  is  important  in  view  of  the  fact  that 
the  values  of  constants  given  in  literature  by  different  authors  differ  from  one  another 
by  orders  of  magnitude.  One  can  see  from  the  model  calculation  that,  as  the 
quenching  constants  increase,  the  rate  of  energy  transfer  to  the  translational  degrees  of 
freedom,  which  is  proportional  to  the  product  of  the  constants  and  the  concentration 
of  electron-excited  molecules,  remains  almost  the  same. 


Fig.4.18.  Dependencies  of  the  gas  heating  rate  on  the  values  of  the  quenching 
constants  of  the  metastahle  state  of  nitrogen  at  different  values  of  the  fraction  of 

energy  that  goes  to  heating 

Curve  1-4  rii  =  0.3,  ri2  +  ri3  =  0.1  (1),  0.2  (2),  0.3  (3),  0.4  (4). 

Curve  5-7  ri2  +  ria  =  0.3,  rii  =  0.2  (5),  0.3  (6),  0.4  (7). 

It  follows  from  the  numerical  calculation  results  (Fig.  4.19)  that  the  model  of  heating 
due  to  VV-  and  VT-relaxation  alone  is  characterized  by  the  presence  of  time  delay  in 
the  evolution  of  the  gas  temperature  on  the  order  of  several  tens  of  microseconds.  The 
magnitude  of  this  delay  depends  on  the  energy  input  to  the  discharge  and  on  the 
pressure.  In  so  doing,  even  some  cooling  of  gas  occurs  during  these  periods  of  time 
due  to  the  process  of  redistribution  of  molecules  over  the  vibrational  levels  of  the 
ground  state,  whereas  the  heating  of  gas  due  to  quenching  of  electron-excited  nitrogen 
molecules  occurs  almost  without  delay  and  provides  for  the  experimentally  observed 
heating  rate  (Fig.4.19  and  4.20). 


Fig.4.19.  Comparison  of  measured  time  evolution  of  gas  temperature  at  p=35 
Torr,  ne  =  2 10^^  cm'^,  E/n=200  Td  (1)  with  calculated  one  at  taking  into  account 
elastic  el  collisions  (2),  VT-relaxation  and  VV-exchange  (3),  quenching  of 
metastahle  molecules  by  vibrationaly  excited  molecules  (4)  and  at  taking  into 
account  all  processes  el,  VT,  VV,  XV  and  XX  processes  (5). 


t,  |IS 


Fig.4.20.  Comparison  of  measured  time  evolution  of  the  gas  heating  rate  at  p=35 
Torr,  E/n=200  Td,  H;=2  lO^^cm"^  (1)  with  calculated  one  at  taking  into  account 
elastic  el  collisions  (2),  VT-relaxation  and  VV-exchange  (3),  quenching  of 
metastahle  molecules  by  vibrationaly  excited  molecules  (4)  and  at  taking  into 
account  all  processes  el,  VT,  VV,  XV  and  XX  processes  (5). 


2.3.3.  Gas  heating  under  condition  of  aerodynamical  experiment 

For  gas  temperature  measurement  at  the  plasma  aerodynamic  the  spectral  diagnostics 
were  used.  A  discharge  radiation  spectrum  contains  primarily  molecular  bands  of 
second  positive  system  of  neutral  nitrogen,  and  first  negative  system  of  molecular 
nitrogen  positive  ion;  in  some  cases  there  are  also  molecular  bands  of  CN.  An  analysis 
of  such  spectra  shows  that  the  gas  temperature  in  a  supersonic  airflow  is  rather  high 
(Fig.4.21).  Gas  temperature  achieves  -2000  K  at  discharge  current  i=2.5  A  and 
pressure  of  air  p=40  Torr.  The  vibration  temperature  for  these  conditions  is  3-5  times 
higher  than  the  gas  temperature.  Plasma  state  is  very  far  from  equilibrium.  A 
considerable  part  of  plasma  energy  is  accumulated  in  the  vibration  reservoir.  It  can 
affect  on  energy  balance  and  all  the  conditions  of  supersonic  flow  over  a  body. 


Fig.4.21.  Comparison  of  the  experimental  (points)  dependent  temperature  of  gas 
in  the  plasma  of  the  dc  discharge  in  a  supersonic  airflow  with  the  calculated 
value  (dashed  line):  initial  pressure  in  chamber  p=40  Torr,  Mach  number  M=2, 
initial  gas  temperature  in  airflow  Tgo=167  K,  air  density  in  flow  n=5.6  10^*  cm‘^. 

For  an  explanation  of  the  received  results  the  computer  modelling  of  the  investigated 
phenomenon  with  the  help  of  kinetical  model,  described  in  p.2.3.1,  was  carried  out. 
The  plot  in  Fig. 4. 5  compares  the  experimental  results  with  the  results  of  numerical 
calculation  of  dependence  of  gas  temperature  on  discharge  current.  The  calculations 
were  made  with  using  experimentally  received  data  about  electron  density  and  electric 


field  in  plasma  [22].  One  can  see  that  there  is  a  satisfactory  agreement  between 
calculation  and  experiment. 

2.3.4.  Plasma-chemical  processes  under  conditions  of  a  discharge  in  air 

In  special  model  experiments  the  measurements  of  a  temporary  evolution  of 
concentration  of  nitrogen  and  oxygen  atoms  and  exited  molecules  of  nitrogen  were 
carried  out  under  condition  of  the  pulsed-periodic  discharge  at  high  values  of  E/n.  The 
temporary  dependencies  of  concentration  of  atoms  of  oxygen  and  nitrogen  are 
submitted  on  Fig.4.22.  One  can  see  that  the  time  necessary  for  an  creation  of  atomic 
oxygen  and  nitrogen  decreases  with  increase  of  a  discharge  current  and  equals  some 
tens  microseconds  in  conditions  of  experiment.  The  dependences  of  relative 
concentration  of  oxygen  atoms  on  time  for  pressure  of  a  nitrogen-oxygen  mixture 
p=0,4  Torr  and  discharge  current  i=0,65  A  are  submitted  on  Fig.4.23.  The  measured 
temporary  dependencies  of  concentration  of  molecules  N2(C^7Cu),  N2(B\g)  and  found 
on  this  data  a  temporary  evolution  of  molecules  N2(A^Zu^)  are  submitted  on  Fig.4.24. 
The  received  data  well  co-ordinate  with  density  of  active  particles  calculated  from 
non-stationary  kinetical  model. 

The  model  experiments  on  measurement  of  concentration  of  active  particles  in  a 
pulsed  microwave  discharge  in  air  were  also  carried  out.  The  measurements  have 
shown  that  at  duration  of  a  microwave  pulse  x=10|is  the  degree  of  dissociation  of 
oxygen  a=0/202  in  the  discharge  equals  10-15%.  With  increase  of  a  pulse  duration 
up  to  30|is  the  degree  of  dissociation  reaches  40-60  %.  Thus  the  rate  of  a  creating  of 
atomic  oxygen  linearly  grows  with  increase  E/n.  The  received  results  testify  that  there 
is  a  fast  creating  of  atomic  oxygen  in  a  pulse  microwave  discharge  in  air. 
Dependencies  of  concentration  02(a^Ag)  on  a  pulse  duration,  a  pulse  repetition 
frequency  and  specific  energy  deposition  in  the  discharge  for  one  pulse  were  obtained. 
The  time  decay  of  a  metastable  state  a^Ag  was  determined  on  change  of  an  emission 
intensity  of  oxygen  molecules  at  X=1268nm  in  pauses  between  pulses.  The  time  decay 
increases  with  pressure  and  equals  0,2-0, 6s.  The  analysis  of  different  processes  taking 
place  in  plasma  has  shown  that  the  time  decay  of  a  metastable  state  a^Ag  of  oxygen 
molecules  in  the  discharge  is  determined  by  a  diffusion  with  subsequent  deactivated 
on  walls  of  a  tube. 


Fig.  4.22.  The  temporary  dependencies  of  concentration  of  atoms  of  nitrogen  (1) 
and  oxygen  for  various  values  of  a  discharge  current  i,  A:  2-1;  3-14;  4-20. 
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Fig.  4.23.  The  time  dependencies  of  relative  concentration  of  oxygen  atoms  at 
p=0,4  torr,  i=0,65  A  and  at  various  partial  pressure  of  molecular  oxygen  ([02],%: 

1-0,5;  2-4;  3-8,5;  4-20). 


Fig.  4.24.  The  temporary  dependencies  of  concentration  of  molecules  NiCC^tIu)  - 

(1),  N2(B^7ig)  -  (2)  and  -  (3). 


Fig.  4.25.  The  time  evolution  of  concentrations  of  charged  particles  in  non- 
equilihrium  plasma  of  discharge  in  air 

atp=35  torr,  E/n=200  Td,  x=2  |is:  rie  (1),  0“  (2),  O2  (3),  O3  (4),  O4  (5),  NO”  (6), 

NO”  (7),  N2O”  (8). 


Fig.  4.27.  The  time  evolution  of  concentrations  of  excited  particles  in  non¬ 
equilibrium  plasma  of  discharge  in  air 

atp=35  torr,  E/n=200  Td,  x=2  |is:  (15),  a'''L~  (16),  B^Ttg  (17),  (18),  a'Ag 

(19),  b‘E;  (20). 


In  order  to  understand  the  physics  of  non-equilibrium  plasma  systems,  one 
needs  to  know  the  full  kinetics  of  the  processes  occurring  in  plasma.  For  this  purpose, 
we  work  out  the  non- stationary  kinetic  model.  From  results  of  mathematical  modeling 
it  is  possible  to  see,  that  kinetics  of  the  charged  particles  in  a  molecular  plasma  of 
electronegative  gases  strongly  depends  on  presence  of  active  particles  created  in 
plasma  during  existence  of  the  discharge.  So,  in  a  regime  of  short  pulses  and  high 
frequency  of  its  repetition  accumulation  of  active  particles  can  occur  from  a  pulse  to  a 
pulse.  At  this,  character  of  plasma  deionization  changes  from  fast  regime  of 
attachment  to  slow  regime  of  recombination.  The  ratio  between  values  of 
concentration  of  active  particles  created  during  existence  of  the  discharge,  electron 
density  and  various  kinds  of  negative  ions  depends  on  air  pressure,  pulse  duration,  and 
various  stages  of  deionization  plasma.  For  example,  on  Fig.4.25-4.27  the  time 
evolution  of  main  charged  and  active  particle  in  non-equilibrium  plasma  of  discharge 
in  air  at  p=35torr,  E/n=200Td,  x=2ps  is  submitted.  At  air  pressure  p=ltorr  the  relative 
concentration  of  atomic  oxygen  is  increased  from  ~10'^  at  x=10|is  up  to  ~10‘^  at  x=20 
ps.  Thus  the  relaxation  time  of  the  majority  of  active  particles  achieves  several 
hundreds  millisecond.  The  data  of  mathematical  modeling  well  correspond  to  results 
of  model  experiments. 

2.4.  Spectral  Methods  of  Measurement  of  Gas  Temperature  of  a  Air  Plasma 

2.4.1.  Method  of  Measurement  of  Gas  Temperature 

Information  about  gas  translation  temperature  Tg  is  important  for  study  of  plasma 
processes.  The  simplest  possible  case  for  molecular  plasma  corresponds  to  local 
thermodynamic  equilibrium,  then  Tg  =  Ty  =Tr,  here  Ty  and  Tr  are  vibration  and 
rotation  temperatures,  respectively.  Ty  and  Tr  are  parameters  of  fitting  of  population 
of  vibration  and  rotation  energy  states  of  molecules  to  the  Boltzmann  function,  they 
characterize  distribution  function  of  molecules.  Both  Ty  and  Tr  can  be  extracted  from 
plasma  radiation  spectra. 

In  non-equilibrium  plasmas  Tg  can  be  also  determined  on  base  of  measurement  of  Tr.. 
Spectra  of  plasma  radiation  provide  information  about  rotation  temperatures  Tj^  of 


molecules  in  excited  electron  states.  The  dependence  of  Tj^  on  intensity  of  a  rotation 
structure  spectral  line  Iik,  that  corresponds  to  a  transition  between  1-th  and  k-th  states 
is  given  by  a  formula 

(kB  /B*)ln(Iik/i  V^k)  =  C  -  j(j+l)/T*R, 

here  ke  is  the  Boltzmann  constant,  j  is  a  total  molecular  moment  of  momentum,  i  is  a 
quantum  mechanical  coefficient  of  intensity,  Vik  is  the  frequency  of  radiation 

quantum,  C  is  a  constant.  One  can  extract  Tj^  by  plotting  a  function  (kB/B*)ln(Iik/iv"^ik) 
over  j(j-i-l),  and  measuring  its  slope  tga: 

=  1/tg  a. 

For  a  stable  molecule  a  possibility  of  change  its  rotation  energy  at  excitation  is 
negligible,  and  rotation  distribution  functions  for  excited  and  basic  molecular  states 

are  identical,  Tr  =  Tj^ .  Effective  exchange  of  translation  and  rotation  energies  at 

collisions  results  in  equality  of  Tg  and  Tr  of  molecules  in  basic  electron  state.  But  at 
realistic  conditions  there  are  some  peculiarities  that  must  be  paid  account  to.  If 
molecules  take  part  in  plasma  chemical  reactions,  a  part  of  their  activation  energy  can 
transfer  to  rotation  energy,  that  results  in  distortion  of  initial  rotation  distribution 

function,  and  Tr  Tj^.  It  is  especially  characteristic  to  chemically  active  radicals. 
Another  source  of  errors  is  bound  with  the  fact  that  spectra  yield  not  Tr  but  B*/Tr, 
here  B*  is  the  rotation  constant  for  upper  state  at  radiation  transition.  At  electron 
impact  excitation  of  this  state,  rotation  energy  distribution  can  be  conserved,  but  it 
corresponds  to  a  temperature 
Tr  =  Tg 

here  B°  is  the  rotation  constant  for  the  basic  state. 

Thus,  stable  molecules  with  B*  ~  B°  should  be  chosen  for  measurement  of  Tg. 

The  second  positive  band  of  nitrogen  is  widely  used.  Here  one  can  take  v"^ik  to  be  a 
constant  (the  corresponding  error  -0.5%  is  negligible).  A*  =  1,826;  the  formula  for  Or 
looks  like 

0,89  ln(Iik/i)  =  Const  -  j(j-i-l)/TR. 

In  number  of  work  it  is  suggested  to  determine  the  gas  temperature  of  nitrogen  at  high 


pressure  on  base  of  unresolved  cyan  bands  with  threshold  wavelengths  3883  A”  and 
3871  A°.  Three  ways  of  temperature  measurement  are  available.  These  methods  are 
based  on:  1)  -  ratio  of  integrals  of  radiation  of  the  two  bands;  2)  -  ratio  of  threshold 
intensities  of  these  bands;  3)  -  distribution  of  rotation  transition  intensities  of  (0;0) 
band  with  threshold  wavelength  3883A‘’. 

2.4.2.  Method  of  Measurement  of  Vibration  Temperature 

Vibration  excitation  in  a  molecular  plasma  as  a  rule  affects  ionization  and  gas  heating. 
There  is  a  method  of  determination  of  vibration  levels  population  of  nitrogen  basic 
electron  state  It  is  based  on  a  measurement  of  radiation  intensities  in  bands  of 

the  second  positive  nitrogen  system.  Conditions  are  pointed  out,  at  which  the  electron 
state  C^Tiu  is  populated  due  to  electron  impact  excitation  of  the  basic  state.  De¬ 
excitation  of  vibration  levels  of  the  state  C?7iu  is  bound  with  radiation,  because  its 
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characteristic  time  (10"  s)  is  much  less  than  that  of  vibration  and  rotation  relaxation 
and  of  diffusion. 

Let  the  vibration  levels  v"x  of  the  basic  nitrogen  electron  state  are  distributed 
according  to  a  function  f(v"x),  i.e. 
n(v"x)  =  ITo  f(v"x). 

Then  in  case  the  conditions  mentioned  above  are  met,  a  stationary  population  of  C^TCu 
vibration  levels  v'c  is  given  by 

n(vc)  =  (neno/A(vc,v'B))/Lv"x  <o(vc,v"x)  V»  f(v"x), 
here  rio  is  a  number  of  molecules  in  X^Zg"*”  state  and  v'x  =  0;  <o(v'c,v"x)  't)>  is  a  mean 
cross  section  of  excitation  of  vc  C^Tiu  levels,  rie  is  electron  concentration,  A(vc,v^b)  is 
a  probability  of  radiation  of  the  second  positive  nitrogen  system,  v"x  are  vibration 
quantum  numbers  of  B  Tig  state. 

As  the  process  of  excitation  of  the  C^Tiu  vibration  levels  due  to  electron  impact  of  the 
basic  X'Zg”^  state  is  fast  in  comparison  with  vibration  period,  these  probabilities  can  be 
considered  to  be  in  a  direct  proportion  to  the  Franc-Condon  coefficients  for  the 
Tanaka  system  C^Tiu  ^  X^Zg”^.  Then  the  previous  equation  takes  form 


n(vc)  =  c  Eve  q  (vc,v"x)  f(v  x), 

here  C  is  a  constant  independent  on  v'x-  At  computation  of  the  sum  one  can  take  only 
first  5  terms,  because  the  population  of  the  vibration  levels  is  a  steep  falling  function 
of  V.  Provided  relative  populations  of  the  first  5  levels  of  the  C?7tu  state  are  known, 
one  can  calculate  relative  populations  v'x  of  the  basic  electron  states  as  a  solution  of  a 
set  of  equations 

n(vc)  =  a  Ev"x=o,i,2,3,4  q  (vc,v"x)  n(v'x), 

here  a  is  a  normalizing  coefficient.  The  relative  populations  of  the  C?7iu  state  levels 
can  be  determined  experimentally  with  application  of  a  usual  method  (on  base  of 
relative  intensities  of  bands  of  the  second  positive  nitrogen  system  C  Tiu  ^  B  Ttg). 

Molecular  spectroscopy  gives  the  following  formula  for  a  radiation  intensity  of  a 
electron- vibration  band: 

I(vc,v"b)  =  C'  Se  n(vc)  v'^Cv'cv'b)  q(vc,v'B), 
here  is  a  strength  of  electron  transition,  q(vc,v"B)  are  the  Franc-Condon  factors, 
v(v'c,v"b)  is  a  frequency  of  transition,  C  is  a  constant  independent  on  the  quantum 
numbers  v c  and  v'b-  After  taking  logarithm,  one  can  get 

In  n(vc)  =  In  C'  -t  ln[I(vc,v"B)]/[v'^(v  c,v'b)  q(v  c,v  b)], 

Thus,  one  can  get  the  relative  populations  v'x  and  the  vibration  temperature  of  the 
nitrogen  basic  electron  state  on  base  of  measurement  of  relative  intensities  of  the 
electron- vibration  bands  v  c. 


In  Fig.4.28  the  radiation  spectrum  of  CN  in  the  range  of  wavelengths  X=380-390  nm 
is  submitted.  The  given  spectrum  is  detected  in  plasma  of  discharge  in  CsHg-air 
mixture  at  static  pressure  P  =  25  Torr.  Mach  number  of  the  flow  M=2,  duration  of  the 
discharge  current  pulses  x  =200  ps,  frequency  of  their  repetition  is  f  =  20  Hz,  the 
discharge  current  is  I  ~  10  A,  the  distance  from  electrodes  downstream  is  z  =  10  cm. 
Vibrational  temperature  measured  by  this  spectrum  is  equal  to  Ty  =  3500  K. 
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Fig.4.28.  The  radiation  spectrum  of  CN  (X  =380-390  nm)  detected  in  the  plasma 
of  the  discharge  in  CaHs-air  mixture  at  Pst  =  25  Torr,  M=2,  x=200  |is,  f=20  Hz,  I  ~ 
10  A,  at  the  distance  z  =  10  cm  from  electrodes  downstream. 

2.5.  Spectral  Method  of  Measurement  of  Electron  Density 

The  Stark  broadening  effect  in  a  stationary  electrical  field  consists  in  splitting  and 
displacement  of  spectral  lines  under  action  of  an  external  electrical  field.  In  the 
majority  practically  important  cases  an  external  field  is  not  enough  in  comparison 
with  an  internal  field  of  atom.  In  this  case  the  influence  of  an  internal  field  of  atom 
can  be  considered  as  small  indignation  on  atomic  system.  In  plasma  the  radiating 
atom  is  under  influence  of  high  frequency  fields  of  the  next  charged  particles.  In  the 
first  approximation  the  electrical  field  of  ions  is  possible  to  consider  quasistationary, 
resulting  to  usual  splitting  of  a  line.  The  influence  of  electrons  on  atom,  on  the 
contrary,  is  possible  to  consider  as  sharp  impact  which  is  breaking  off  packet  of 
fluctuations  of  radiating  waves  or,  if  the  impact  was  weaker,  changing  a  phase  of 
fluctuations.  As  a  result  of  electron  impacts  a  line  is  broadened. 

The  statistical  and  shock  theory  are  extreme  approximations  of  the  common  theory  of 
the  Stark  broadening  of  lines,  in  which  at  first  the  splitting  a  line  is  calculated  because 
of  quasistatistical  action  of  ions,  then  the  broadening  of  each  components  at  the 
expense  of  shock  interaction  with  electrons  is  taken  into  account.  Structure  of  a 


spectral  line  receive  by  averaging  on  distribution  of  various  ions  fields.  Thus,  in  the 
common  theory  the  interaction  both  with  ions,  and  with  electrons  are  taken  into 
account.  The  central  part  of  a  line  is  well  described  in  shock  approximation,  on  wings 
prevails  statistical  ions  broadening. 

In  [11]  structures  of  a  lines  of  hydrogen  are  theoretically  designed  for  various 
temperatures  and  density  of  electrons,  that  allows  reliably  to  measure  Ue  on  width  of  a 
line,  using  a  ratio 

Ue  =  C(ne,Te) 

where  C(ne,  Tg)  is  a  Stark  constant,  which  is  weak  dependent  on  rig  and  Tg.  This  ratio 
can  be  presented  graphically  as  In  rig  =  f(ln  AX).  Most  convenient  for  definition  rig  is 
the  Hp  line.  This  is  promoted  by  a  number  of  the  factors. 

1.  This  line  is  located  in  spectral  area,  where  the  usual  receivers  of  radiation  have 
high  sensitivity. 

2.  At  concentration  He  >  10^^  cm'^  its  broadening  is  great  and  its  width  it  is  possible  to 
measure  with  the  help  of  the  usual  spectral  devices. 

3.  The  accuracy  of  theoretical  accounts  of  width  of  a  line  Hp  is  less  than  5  %,  while 
accuracy  of  accounts  for  other  lines  of  hydrogen  of  the  order  10  %. 

4.  The  Hp  line  corresponds  to  transition  between  rather  low  laying  levels.  Therefore  it 
is  well  radiated  in  plasma,  even  if  the  hydrogen  is  present  as  a  small  impurity,  for 
example  as  pollution  of  plasma. 

In  this  work  the  concentration  of  electrons  in  the  plasma  of  discharge  in  supersonic 
airflow  was  determined  by  spectral  method  from  Stark  broadening  of  a  spectral  line 
Hp  with  X  =  4861  A”.  For  it  the  hydrogen  was  added  in  small  amounts  in  a  supersonic 
flow  of  air.  On  fig.4.29  the  profile  of  a  hydrogen  line  Hp  is  submitted.  The  effect 
Doppler  and  apparatus  function  of  the  spectral  device  bring  the  appreciable 
contribution  in  profile  of  a  registered  line.  In  conditions  of  experiment  the  gas 
temperature  is  equal  to  1000  K,  that  corresponds  of  a  broadening  line  AX=0.1  A”. 
Dependence  of  apparatus  function  of  the  spectral  device  on  width  of  an  entrance  split 
was  determined  at  registration  of  width  of  a  line  He-Ne  laser  (X  =  6328  A”).  Fig. 4. 30. 

1  Q  _'2 

At  electron  concentration  rig  >  10  cm'  the  Stark  broadening  of  hydrogen  lines  is  the 
most  effective  mechanism  of  line  broadening. 


Apparatus  Function,  Angstrom 


Intensity  Hp,  arb.un. 


Wavelength,  CCD  cell  number 


Fig.  4.29.  The  Stark  shape  of  the  Hp  hydrogen  spectral  line 

p  =  40  Torr,  po  =  1  atm,  I  =  1  A. 


Fig.  4.30.  The  apparatus  function  of  the  device  over  the  slot  hroadth 


§3.  Microwave  Method  of  Plasma  Diagnostics 


3.1.  Introduction 

All  the  microwave  methods  of  plasma  diagnostics  can  be  divided  into  three  groups: 
passive  diagnostics  methods,  interference  based  methods  and  plasma  scattering  based 
methods  [29-30]. 

The  interference  based  methods  are  the  most  widely  used  ones.  They  are  based  on  an 
analysis  of  changes  of  an  electromagnetic  wave  characteristics  at  its  propagation 
through  a  plasma  layer.  In  contrast  with  the  passive  methods,  an  arbitrary  MW 
generator  is  necessary  for  the  interference  based  methods.  The  changes  of  the 
electromagnetic  wave  characteristics  in  a  plasma  layer  are  studied  with  use  of 
interference  of  this  wave  with  a  wave  that  is  not  passed  through  a  plasma,  and  is 
independent  of  plasma  properties.  There  are  three  interference  based  methods:  the 
waveguide  method,  the  resonator  method  and  the  free  space  method,  the  last  one  is 
applicable  for  diagnostics  of  supersonic  plasma  flows. 

The  sounding  of  a  plasma  volume  by  a  MW  is  as  a  rule  carried  out  with  use  of 
directed  radiators,  which  provide  the  electromagnetic  field  localization  in  a  region 
with  transversal  size  about  the  wavelength  X.  The  relations  between  the  sounding 
wave  characteristics  and  the  plasma  parameters  are  simple  enough,  if  the  plasma 
volume  transversal  size  L  is  much  longer  than  X  : 

L>X  =  2ncAo  (13) 

Here  c  is  the  speed  of  light,  (O  is  the  circular  frequency  of  radiation.  Under  such 
conditions,  one  can  neglect  the  transversal  dependencies  of  plasma  parameters,  and 
apply  the  geometrical  optics  approximation  everywhere  but  in  the  reflecting  plasma 
regions.  In  the  opposite  case  interpretation  of  experiments  is  rather  complicated. 
Thus,  can  be  considered  to  be  a  condition  of  applicability  of  the  method  of 
diagnostics. 

The  simplest  is  an  analysis  of  a  planar  MW  radiation  traveling  through  a  planar 
infinite  plasma  layer  with  a  thickness  of  d.  One  of  its  cases  is  the  method  based  on  the 
fact  that  at  a  high  enough  electron  density  Ug 

Ug  »  ncr  =  nm  /(due  ) 


(14) 


the  MW  signal  does  not  pass  through  the  plasma.  If  the  inequality  is  not  strong,  Ug  > 
Her,  then  the  MW  signal  is  present,  but  it  is  weakened. 

Re-write  the  condition  of  applicability  of  the  free  space  method  (13)  with  the  MW 
frequency  being  approximately  equal  to  the  plasma  frequency  00^: 

L  >  27lc/C0p  ~  3.10V  ?m .  (15) 

Estimates  of  the  plasma  density  for  the  pulsed  periodical  and  the  plasmadynamic 

discharges  yield  about  10^^  ?m'^.  Then  27lc/COp  ~  1  cm,  and  for  the  supersonic  flow 
discharges  under  investigation  the  condition  (15)  is  met. 

3.2.  MW  Interferometer  Draft  Design 

A  8-mm  MW  interferometer  with  dielectric  (polystyrene)  antennae  was  applied  for 
the  MW  diagnostics.  Its  draft  design  is  presented  in  Fig.  4.31.  A  standard  clystrone 
generator  with  an  output  power  of  25  mW  was  applied  as  a  MW  source  (1).  The  wave 
was  passed  a  ferrite  gate  (2),  and  then  it  was  divided  into  two  by  a  directional  coupler 
(3).  The  ferrite  gate  prevents  a  wave  to  pass  back  into  the  generator,  that  provides  a 
normal  work  of  the  latter.  The  lets  the  MW  power  to  pass  forwards  only. 

The  measurement  branch  contains  a  transmitting  and  receiving  antennae  (4)  with  an 
identical  design. 

The  rectangular  waveguide  becomes  a  round  one,  having  a  rod  type  dielectric 
(polystyrene)  antenna  in  its  open  side.  This  antenna’s  cross  section  is  sharp  from  the 
waveguide  side  and  is  broadening  till  it  achieves  the  value  of  the  diameter  of  the 
waveguide  (it  is  necessary  to  fit  the  antenna  with  the  waveguide).  Outside  the 
waveguide  the  cross  section  is  decreasing  with  the  separation  from  the  waveguide  end 
(it  is  necessary  to  fit  the  antenna  with  the  free  space,  and  to  achieve  a  desired 
directivity  diagram).  Rods  made  of  a  material  with  a  low  dielectric  coefficient  with  a 
length  of  La  =  (6...18)X  are  known  to  provide  very  clean  and  narrow  beams  [31].  In 
our  experiments  La  ~  I8X,  which  provides  a  minima!  beam  divergence  angle.  The 
antennae  were  positioned  normally  to  the  axis  of  the  plasma  jet  under  study  (1 1). 


1.  MW  generator. 

2.  Ferrite  isolator. 

3.  Directional  coupler. 

4.  Dielectric  antenna. 

5.  Attenuator 

6.  Ferrite  circulator. 


Fig.4.31. 

7.  Shortcut  piston. 

8.  Waveguide  T-connector. 

9.  MW  detector. 

10.  Storage  oscilloscope  ?  8-17. 

11.  Discharge  plasma. 


A  system  comprising  a  ferrite  circulator  (6)  and  a  shortcut  piston  (7)  was  applied  as  a 
calibrated  phase  shifter  in  the  reference  channel.  It  made  it  possible  to  replace  a 
measuring  line  by  a  waveguide  T-connector  (8)  and  a  detector  probe  (9).  The  ferrite 
circulator  works  as  a  valve  device,  it  is  a  switch  key  of  the  waveguide  channels. 

Attenuators  A  (5)  are  used  to  equalize  the  amplitudes  in  the  interferometer  channels. 
The  MW  detector  probe  is  a  silicon  diode.  Up  to  100  |iW  it  has  a  quadratic 
characteristic  (i.e.  its  voltage  is  in  a  direct  proportion  to  the  MW  signal  power). 

Temporary  dependencies  of  the  MW  detector  were  registered  by  a  two-ray 
oscilloscope  C8-17  (10)  with  a  pass  band  of  10  MHz  and  with  a  high  sensitivity 
(ImV/cm).  The  latter  is  essential  because  of  weakness  of  the  MW  diode’s  signal. 

3.3.  Methods  of  MW  Measurements  in  Supersonic  Plasma  Flows 

In  accord  with  p.3.I,  at  consideration  of  applicability  of  the  MW  diagnostic  methods 
for  the  discharges  in  supersonic  flows  one  has  to  account  for: 


•  plasma  density, 

•  plasma  volume  sizes 

•  frequency  of  electron-atom  and  electron-molecule  collisions. 

For  the  applied  wavelength  of  ?i=8  mm,  the  critical  electron  density  = 

1,65- 10  ?m  Thus,  at  rig  >  Ug^^  the  radiation  will  no  pass  through  the  plasma, 

otherwise  the  electron  density  may  be  measured  on  base  of  the  phase  shift. 

The  latter  case  can  be  implemented  for  the  AC  discharge  in  a  supersonic  airflow  at 
low  enough  electric  current  I  <  1  ?  [32]. 

Then  the  mean  electron  density  <ne>  can  be  estimated  with  use  of  the  model  of 
infinitely  long  (in  the  transversal  direction  relatively  the  beam)  planar  plasma  layer  in 
the  geometrical  optics  approximation  [31]. 

This  model  is  applicable  if  the  antennae  are  positioned  near  the  zone  of  joint  between 
the  anode  and  the  cathode  jets  of  the  transversal  discharge.  Then  the  transversal  size 
of  the  plasma  volume  is  three  times  as  long  as  X,  and  one  can  neglect  the  refraction  of 
the  sounding  wave.  At  smaller  sizes  the  diagnostics  is  possible  with  account  of  the 
refraction  until  L  IX  ~  1[33]. 

As  the  pressure  of  the  free  space  is  high  enough,  the  phase  shift  Atp  must  be  calculated 
with  an  account  for  the  scattering  frequency  Ven: 

d  <  Ug  >  (0^ 

A(p  =  -7iF- - 2 - (16) 

X  Ug,^  0)  +Ven 

here  F  -  is  a  form-factor,  d  is  the  plasma  size  along  the  beam,  to  is  the  circular 
frequency  of  the  MW  radiation.  As  the  maximal  value  of  d  was  low,  d<  5  ??.,  i.e. 
diX  <  Vi,  and  the  phase  shift  is  rather  small. 

The  accuracy  of  such  diagnostics  is  restricted  not  only  by  errors  in  the  phase  shift 
measurements,  but  primarily  by  a  strong  inhomogeneity  of  the  plasma  both  in  the 
longitudinal  and  transversal  directions  relatively  the  sounding  beam. 

In  the  latter  case,  e.g.,  the  integral  phase  shift  at  any  density  distribution  will  be  less 
than  that  at  the  homogeneous  plasma  layer.  Say,  at  a  cosine  distribution  law  the 


integral  phase  shift  will  amount  to  0.46  of  that  for  the  homogeneous  plasma  layer,  and 
for  the  square  of  cosine  law  it  will  be  0.37  [31]. 

The  application  of  the  method  based  on  the  fact  that  at  a  high  enough  electron  density 
«g»  Tier  the  MW  signal  does  not  pass  through  the  plasma,  seems  to  be  more 
accurate.  The  condition  can  be  met  in  the  pulsed-periodical  and  in  the  plasmadynamic 
discharges.  For  the  pulsed-periodical  discharges  the  typical  electric  current  is  as  a  rule 
higher  than  1  A.  At  the  plasmadynamic  discharges  it  is  far  much  higher.  As  a  result, 
the  typical  electron  density  must  be  high  enough. 

The  plasmadynamic  discharge  plasma  usually  occupies  all  the  mixing  chamber 
volume,  and  the  condition  Lfk  >  3  is  usually  met. 

At  the  pulsed-periodical  discharges  the  plasma  size  grows  with  the  discharge  current, 
however  it  is  the  transversal  size  normal  to  the  plane  of  electrodes  that  is  growing. 
The  characteristic  sizes  of  the  cathode  and  the  anode  jets  remain  small  enough,  d  <  X  . 
Thus,  the  pulsed-periodical  discharges  can  be  sounded  in  one  direction  only. 

If  the  collisional  attenuation  is  present,  the  wave  can  propagate  even  at  Ug  >  Ug^^  ; 

thus,  one  has  to  estimate  the  ratio  of  v/(0. 

For  X=8  mm  the  corresponding  frequency  (0=2.3  10^^  7"^  Suppose  that  the  jet  pressure 
is  close  to  that  in  the  free  space  (?  ~  40  Torr)  at  some  separation  from  the  nozzle. 
Remember  the  spectroscopic  data  on  the  neutral  gas  temperature  in  the  DC  discharge 
[32]:  1000  -  2000  ?  inside  the  visible  part  of  the  discharge.  One  can  roughly  estimate 
the  neutral  gas  temperature  in  the  pulsed-periodical  discharge  to  be  higher  than  2000 
K.  As  there  are  no  data  on  the  electron  temperature,  estimate  it  to  be  equal  to  that 
without  the  airflow.  Then  one  can  get  an  estimate  for  the  electron  collision  frequency 
v~2  10'°  s'^  ,  i.e.  v/(O~10 Thus,  this  method  is  applicable  under  the  expected 
conditions. 

A  characteristic  signals  of  the  MW  sensor  for  the  different  types  of  discharge  are 
presented  on  Fig.  4.32-4.35.  At  low  discharge  current  (/<  1  A)  the  installation  worked 
as  an  interferometer,  at  high  discharge  current  the  basic  leg  was  switched  off,  and  the 
method  based  on  the  passing  wave  cutoff  was  used. 


A  characteristic  signal  of  the  MW  sensor  (upper  beam)  for  the  case  of  DC  discharge 


is  presented  on  Fig.4.32.  The  lower  beam  of  the  oscilloscope  specifies  the  metal  level. 
This  is  a  panoramic  frame  with  a  very  long  sweep  time  0.5  s/div.,  that  shows  the 
interferometer  signal  (with  a  negative  polarity)  at  switching  the  discharge  on  and  off. 

The  period  of  the  discharge  existence  is  about  1.7  s.  The  signal  is  fluctuating  in 

1  ^ 

accord  with  the  discharge  current  oscillation.  The  plasma  cutoff  concentration  1.6 TO 
cm'  (averaged  over  all  the  cross  section  of  the  MW  beam)  is  not  achieved. 


Fig.4.32.  Temporary  dependencies  of  MW  detector  signal 
in  DC  discharge  in  supersonic  flow. 

P  =  40  Torr,  P  =  1  atm,  M  =  2,  I=1.1A,  z  =  5  cm,  0.5  s/div,  1  mV/div. 

A  signal  of  the  MW  sensor  according  a  typical  value  of  countdown  time  for  the  case 
of  DC  discharge  is  presented  on  Fig.4.33.  The  signal  is  fluctuating  with  period  about 
1 15  ps  according  with  the  discharge  current  oscillation  (see  Ch.5). 


Fig.4.33.  Temporary  dependencies  of  MW  detector  signal  in  DC  discharge  in 

supersonic  flow. 

P  =  40  Torr,  P  =  1  atm,  M  =  2, 1  =  0.5  A,  z  =  5  cm,  100  ps/div,  1  mV/div. 


A  characteristic  signal  of  the  MW  sensor  (upper  beam)  for  the  case  of  pulse-periodic 
discharge  is  presented  on  Fig.4.34.  The  lower  beam  of  the  oscilloscope  specifies  the 
metal  level.  .  The  first  sharp  and  narrow  maximums  of  the  both  curves  correspond  to 
the  discharge  gap  breakdown  (discharge  start),  the  second  ones  correspond  to  the 
diseharge  end.  The  cutoff  is  observed  in  this  case,  that  corresponds  to  the  fact  that  the 
plasma  density  in  the  beam  cross  section  exceeds  10^^  cm"^. 


Fig.4.34.  Temporary  dependencies  of  MW  detector  signal  in  pulse-periodic 

discharge  in  supersonic  flow. 

P  =  40  Torr,  P  =  1  atm,  M  =  2, 1  =  2.8  A,  pulse  duration  x  =  400  |is,  z  =  5  cm, 

100  ps/div,  1  mV/div. 

At  last.  Fig.  4.35  (upper  beam)  shows  a  signal  in  case  of  a  single  plasma  jet,  which 
has  been  injected  into  the  ehannel.  For  a  comparison,  a  signal  of  a  double  probe 
situated  in  the  same  cross  section  of  the  channel  (separation  from  the  eleetrode  is  z  = 
32  cm)  is  also  presented  here.  One  can  see  that  the  signal  cutoff  takes  place  in  all  the 
length  of  the  jet. 


Fig.4.35.  Temporary  dependence  of  MW  signal  in  a  single  plasma  jet. 

P  =  300  Torr,  p  =  2  atm  z  =  32  cm,  200  ps/div.  Lower  beam  -  probe  signal. 
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CHAPTER  V.  PLASMA  PARAMETERS  OF  ELECTRIC  DISCHARGES 
IN  THE  SUPERSONIC  GAS  FLOW 


§  I.  Macroscopic  parameters  of  the  longitudinal  and  transversal 
discharges  in  supersonic  airflows 

The  influence  of  the  following  external  parameters  of  the  discharge  on  its  parameters 
has  been  studied. 

•  The  pressure  in  the  receiver  of  the  compressor  (full  pressure);  it  was  varied  in  the 
range  po=  1-10  atm. 

•  The  pressure  in  the  vacuum  chamber;  it  was  varied  in  the  range  p  =  10  -  500  Torr. 

•  The  discharge  electric  current;  it  was  varied  in  the  range  /  =  50  m?  -  30  A. 

•  The  inter-electrode  distance;  it  was  varied  in  the  range  L  =  5  -  20  mm  in  case  of 
transversal  discharge,  and  L  =  100  -  200  mm  in  case  of  longitudinal  discharge. 

•  The  pulse  duration;  it  was  varied  in  the  range  x  =  2  -  1000  ps. 

1. 1.  The  longitudinal  DC  discharge  in  supersonic  airflow 


Fig.5.1.  Longitudinal  direct  current  discharge  in  supersonic  airflow 

p  =  40  Torr,  P  =  2  atm,  I  =  2  A 


As  very  high  voltage  about  tens  kilovolts  is  required  for  a  breakdown  of  extended  ( 
~10^  cm)  discharge  gap  in  case  of  large  pressure(  ~10^  Torr),  the  circuit  with  an 
additional  electrode  was  used  for  creation  of  the  longitudinal  discharge. 

High-voltage  electrode  of  the  discharge  and  grounded  additional  electrode  were 
placed  in  a  plane,  perpendicular  supersonic  flow,  on  a  distance  about  1  cm.  Second 
grounded  electrode  of  the  discharge  was  placed  along  a  flow  on  a  distance  about  10  - 
15  cm. 

The  breakdown  happened  between  a  high-voltage  electrode  of  the  discharge  and 
grounded  additional  electrode. 

The  plasma  discharge  channel  of  a  transversal  DC  discharge  was  swept  down  by  a 
flow  with  a  speed  equal  to  that  of  the  flow;  as  a  consequence  its  length  grows 
continuously  up  to  closure  of  discharge  gap. 

Appearance  of  longitudinal  direct  current  discharge  in  free  supersonic  airflow  is 
shown  in  Fig.5.1.  The  scale  of  Fig. 5.1  is  the  external  diameter  of  the  nozzle,  which  is 
equal  to  60  mm.  Thus  the  length  of  the  discharge  on  Fig.5.1  is  equal  to  about  150  mm. 
A  typical  view  of  oscillograms  of  voltage  and  current  of  longitudinal  direct  current 
discharge  in  free  supersonic  airflow  are  shown  in  Fig.5.2-5.3. 

It  is  visible,  that  in  conditions  of  Fig. 5. 3  the  noticeable  oscillations  of  a  discharge 
current  and  voltages  are  observed,  whereas  in  conditions  of  Fig. 5. 2  they  are  small. 

The  difference  consists  that  in  conditions  Fig. 5. 3  the  lower  electrode  is  displaced 
rather  upper  on  5  mm  in  a  direction,  perpendicular  flow. 

Thus,  even  the  small  displacement  of  electrodes  in  a  plane,  perpendicular  flow, 
creates  a  high  level  of  oscillations  of  parameters  of  the  longitudinal  discharge 
characteristic  for  the  transversal  discharges. 

Let's  mark,  that  the  longitudinal  discharge,  as  it  is  visible  from  Fig.5.1,  tends  to  move 
in  area  of  a  circumference  of  a  jet. 

Thus,  the  organization  of  really  longitudinal  discharge  is  possible  mainly  in 
conditions  of  a  flow  formed  in  wind  tunnel. 
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Fig.5.2.  Oscillograms  of  current  (upper  beam)  and  voltage  (lower  beam)  of 
longitudinal  DC  discharge  in  supersonic  airflow  (without  displacement  of 

electrodes) 

P  =  40  Torr,  Po  =  2  atm. 
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Fig.5.3.  Oscillograms  of  current  (upper  beam)  and  voltage  (lower  beam)  of 
longitudinal  DC  discharge  in  supersonic  airflow  (with  displacement  of 

electrodes) 

P  =  40  Torr,  Po  =  2  atm. 


1.2.  The  transversal  discharges  in  the  supersonic  airflow 

Typical  appearance  of  the  transversal  discharge  in  the  supersonic  gas  flow  (Fig.  5.4- 
5.5)  is  characterized  by  the  formation  of  the  couple  of  extended  brightly  radiating 
plasma  channels,  and  of  less  bright  zone  between  them.  The  channels  start  on  the 
electrodes,  they  are  positioned  in  the  direction  parallel  to  the  flow. 


X  =  25  |is  250  ps  500  |is  DC 

Fig.5.4.  Transversal  Pulse-Periodical  Discharge  in  the  Supersonic  Airflow: 


M  =  2,  po  =  latm,  p  =  40  Torr,  L=10  mm,  I  =  4,5  A,  f  =  70  Hz 


X  =  5  |is  100  |is  500  |is  500  |is. 


Po  =  3atm  Po  =  7atm 

Fig.5.5.  Transverse  Pulse-Periodical  Discharge  in  the  Supersonic  Airflow: 

p  =  40  Torr,  po  =  latm,  M  =  2,  L=18  mm,  I  =  18  A,  f  =  30  Hz 

The  space  structure  of  plasma  channels  is  determined  by  the  gasdynamics  of  the  flow, 
i.e.  the  values  of  pressures  po  and p.  If  the  ratio  of  the  pressure  at  the  nozzle  exit,  p;,  to 


a  chamber  pressure  n=  pi/p  is  close  to  1,  then  smooth  and  homogeneous  ehannels  are 
observed  (Fig. 4).  In  Fig.  5.5  the  plasma  radiation  “highlights”  typical  picture  of  the 
efflux  of  the  under-expanded  gas  jet  with  n  >  2  is  represented.  In  the  latter  ease  at 
long  duration  of  the  pulse  the  discharge  looks  as  a  rule  homogeneous  only  inside  the 
first  barrel,  the  area  behind  the  first  barrel  looks  as  a  strueture  with  big  number  of 
fibers  on  a  time-integrated  photo.  From  the  practical  point  of  view  it  can  play  a 
positive  role,  sinee  the  highly  developed  surfaee  of  the  discharge  eould  facilitate  the 
ignition  of  the  supersonic  stream  of  air-fuel  mixture. 

Another  difference  is  conneeted  with  the  bright  thin  (0  <  1  mm)  ehannel,  observed 
between  the  electrodes  in  all  the  photos  of  the  pulse-periodic  discharge  of  Fig. 5. 5, 
whereas  in  photos  of  Fig. 5. 4  of  the  pulse-periodic  discharge  it  is  absent.  For  the 
explanation  of  this  fact  one  should  take  into  account,  that  the  conditions  of  Fig. 5. 4 
correspond  to  the  magnitude  of  p*L  ~  200  Torr  cm,  and  conditions  of  Fig. 5. 5 
correspond  to  p*L~  1000  Torr  cm  (p*  =p  300/T).  In  the  first  case  the  mechanism  of 
the  discharge  gap  breakdown  is  possibly  conneeted  with  the  formation  of  the  diffuse 
conducting  region.  In  the  second  case,  the  streamer  mechanism  of  the  breakdown  is 
possible,  as  it  is  observed  in  the  experiment. 

The  sage  of  the  breakdown  ehannel  in  the  direetion  of  the  gas  flow  is,  probably, 
eonnected  with  the  existenee  of  rarefaetion  waves  at  the  eleetrode  edges. 

The  length  of  the  DC  discharge  is  determined  by  the  values  of  the  flow  velocity  and 
the  inter-electrode  gap  separation,  whieh  grows  with  their  increase.  The  effects  of  a 
pressure  alterations  and  the  ratio  n  are  not  so  signifieant.  The  length  in  case  of  pulse 
periodic  discharges  also  depends  on  the  pulse  duration  x:  the  length  is  in  the  direet 
proportion  to  x  for  short  pulses,  i.e.  x<x'.  At  x>x'  it  is  equal  to  those  of  the  DC 
discharge,  the  secondary  breakdowns  are  observed  between  the  anode  and  cathode 
channels  mainly  but  not  between  the  electrodes.  At  low  values  of  .^o  and  n~  1  ,  the 
threshold  pulse  duration  x' is  about  500  |is  (Fig.  5.4).  At  higher po  and  n,x'~  300  |is. 


The  pulse  periodic  discharge  voltage  is  practically  constant  in  the  absence  of  a  flow 
(Fig. 5. 6),  while  the  discharge  current  is  falling  slowly.  The  latter  is  connected  with 
slow  decrease  of  the  modulator's  voltage  during  the  pulse.  The  discharge  voltage 
values  are  about  100  V  at  the  discharge  current  values  being  about  few  A  and  more. 
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Fig.5.6  Oscillograms  of  discharge  voltage  in  absence  (red  line)  and  with  (blue 

line)  supersonic  airflow. 

P  =  100  Torr,  x  =  300  |is,  20  |is/div. 


The  supersonic  airflow  changes  the  situation  radically.  After  the  breakdown  of  inter¬ 
electrode  gap  the  discharge  voltage  goes  down  to  the  voltage  close  to  the  voltage  in 
the  absence  of  a  stream.  Further  the  discharge  voltage  begins  monotonically  to  grow, 
whereas  the  current  slowly  drops.  If  the  pulse  duration  is  longer  than  -300  |is,  then 
fluctuations  of  the  discharge  voltage  and  current  appear,  their  relative  amplitude  is 
higher  for  the  discharge  voltage  and  lower  for  the  discharge  current  (Fig. 5.7). 


The  registrations  of  the  discharge  current  and  voltage  wave-form  in  case  of  DC 
discharge  (Fig. 5. 8)  have  shown,  that  these  curves  have  a  brightly  expressed  pulsing 
character  with  a  frequency  from  1  up  to  50  kHz.  The  oscillation  frequency  similarly  to 
case  of  pulse-periodic  discharge  depends  on  external  parameters  of  the  discharge. 


Current,  A  Voltage,  kV 


Fig.5.7.  Oscillograms  of  pulse-periodic  discharge  current  and  voltage  : 

p  =  100  Torr,  po  =  2  atm,  x=  1ms.  Scale  factors  for  I  -  10  A/div,  U  -  840  V/div. 


Fig.5.8.  Oscillograms  of  voltage  and  current  of  a  DC  discharge  in  supersonic 

airflow. 

P=40  Torr,  1=0.25  A,  M=2,  50  ps/div. 


Quantitative  studies  have  shown  that  the  period  of  these  oscillations  depends 
primarily  on  the  inter-electrode  gap  size  and  the  discharge  current.  As  the  discharge 
current  grows,  the  relative  amplitude  of  the  voltage  oscillations  falls  considerably  and 
approaches  the  relative  amplitude  of  the  current  oscillations. 

The  oscillation  period  grows  with  the  discharge  current.  It  may  mean  that  two 
discharge  types  could  be  realized  in  the  supersonic  flow:  at  low  currents  7  <  1  A  the 
discharge  is  close  to  the  glow  discharge,  and  at  higher  currents  it  could  be  classified 
as  an  arc  with  the  cold  cathode. 

If  L  <  5  mm,  the  oscillations  degenerate. 

The  diagrams  of  oscillations  period  as  functions  of  interelectrode  distance  L  and  value 
of  discharge  current  I  in  Fig.5.9(a,  b)  are  given.  One  can  see  that  the  period  of 
oscillations  with  small  currents  (I  <  lA)  grows  linearly  with  increase  of  interelectrode 
distance  practically.  The  period  of  oscillations  also  grows  linearly  with  increase  of 
current  at  small  discharge  currents.  The  growth  of  oscillations  period  at  the  fixed 
interelectrode  interval  at  currents  of  order  2  A  is  slowed  down  and  at  currents  more 
than  4  A  the  curve  ?(I)  is  equal  constant.  The  discharge  in  supersonic  flow  at  small 
discharge  currents  can  be  qualified  as  glow  discharge  and  at  large  currents  as  arc  with 
the  cold  cathode  probably. 


Fig.5.9.  Period  of  oscillations  as  interelectrode  distance  L  function 
(a  - 1  =  0,5  A)  and  discharge  current  function  I  (b  -  L  =  10  mm): 

Pst  =  40???,Pr=2atm.,  M=2 


§2.  Microscopic  parameters  of  the  transverse  discharges 
in  a  supersonic  gas  flow 

High-speed  photo  of  transversal  gas  discharge  in  supersonic  airflow 

The  typical  dynamic  of  transversal  pulsed  gas  discharge  is  given  in  a  fig  5.10-11.  The 
exposition  time  of  one  photo  frame  is  32  psec.  In  this  case  the  Mach  number  of  a  flow 
is  equal  ?  =  2,  discharge  current  is  20  A,  duration  of  current  pulse  is  700  psec.  It  is 
visible  that  as  anodi?  and  cathodic  plasma  jets  have  a  complex  appearance.  Short 
circuit  of  discharge  current  takes  place  in  the  bottom  part  basically.  Secondary  and 
following  breakdowns  occur  by  in  a  random  way  in  a  place  where  favourably  to  be 
breakdown  according  to  Pashen  conditions.  The  secondary  breakdown  is  observed  on 
352  psec  (Fig. 5. 10)  and  448  psec  (Fig. 5. 11). 


Fig.5.10.  Dynamic  of  transversal  gas  discharge  in  supersonic  airflow 

X  =  700  ps,  I  =  20  A,  p  =  200  Torr,  Pq  =  2  atm,  M  =  2 


t.  US 


t,  US 


Fig.5.11.  Dynamic  of  transversal  gas  discharge  in  supersonic  airflow 

X  =  800  |is,  I  =  25  A,  p  =  100  Torr,  Pq  =  2  atm,  M  =  2 


Z  =2  cm 


Z  =8  cm 


Z  =15  cm 


Fig.5.12.  Oscillograms  of  floating  potential 
in  the  anode  and  cathode  parts  of  pulse  -  periodic  discharge 

Red  line  -  cathode  jet,  blue  line  -  anode  jet. 
p  =  100  Torr,  Po  =  2  atm,  M  ~  2,  L  =  12  mm 


For  the  interpretation  of  obtained  high-speed  photos  we  have  executed  measurements 
of  a  temporary  dependencies  of  plasma  potential  in  anode  and  cathode  parts  of  a 
pulse-periodic  discharge. 

The  results  of  the  oscilloscoping  of  the  probe  floating  potential  directed  transverse  the 
flow  in  each  of  the  jets  for  a  number  of  the  fixed  distances  from  electrodes  along  the 
flow  are  shown  in  Fig.5.12.  The  probe  floating  potentials  are  close  to  plasma  space 
potentials.  On  the  basis  of  these  results  we  determined  the  space  potential  distribution 
in  pulse-periodic  discharge  (Fig. 5. 13).  So  the  curves  reflect  the  instant  potential 
distribution  in  the  discharge  along  the  flow  in  some  points  of  time. 

Note  that  the  potential  of  the  fixed  area  of  the  anode  jet  changes  in  time  much  weaker 
than  the  potential  of  the  cathode  jet,  so  in  order  not  to  increase  the  picture’s 
complexity,  we  represented  by  the  unique  curve  the  spatially-temporal  potential’s 
dependence  in  the  anode  discharge  part. 


Axial  coordinate,  cm 


Fig.5.13.  Space  potential  distribution  in  the  anode  and  the  cathode  parts  of  the 

pulse-periodic  discharge. 

p  =  100  Torr,  po  =  2  atm,  I~  30  A. 


After  the  discharge  gap  breakdown  the  voltage  at  electrodes  drops  to  values  close  to 
the  voltage  of  the  discharge  burning  in  the  flow  absence.  The  electric  field  in  the 
plasma  transverse  to  the  flow  drops  respectively.  After  the  breakdown,  in  the  result  of 
the  plasma  drift  by  the  supersonic  flow,  the  plasma  “traces”  begin  to  form  behind  the 
cathode  and  anode.  This  leads  to  the  appearance  of  the  longitudinal,  in  respect  to  the 
flow,  component  of  the  plasma  electric  field.  Along  with  the  growth  of  the  anode  and 
cathode  jet’s  extent  in  the  whole  the  voltage  on  the  discharge  increases.  However  the 
change  of  the  voltage  on  the  discharge  is  connected  not  only  with  this  increase. 

Longitudinal  components  of  the  electric  field  in  the  anode  and  cathode  jets  are  rather 
weakly  differ  from  each  other  and  do  not  change  strongly  in  time.  So  the  drops  of  the 
potential  along  each  of  jets  are  of  the  same  order  of  the  magnitude  in  the  fixed  time 
moment.  At  the  same  time  the  temporal  dependencies  of  the  potential  in  the  anode 
and  cathode  parts  are  principally  different.  The  potential  in  the  anode  jet  in  the  fixed 


cross  section  depends  on  time  weakly,  at  the  same  time  the  potential  in  the  cathode 
part  rises  quickly  in  correlation  with  the  voltage  at  the  discharge  gap  in  general.  It 
means  that  the  transverse  electric  field  decreased  after  the  breakdown  rises 
monotonously  during  the  pulse  along  with  the  elongation  of  the  discharge.  In  the 
result  by  some  time  moment  appears  the  potential  difference  between  the  cathode  and 
anode  jets  which  leads  to  the  breakdown  between  them.  This  process  repeats  later. 

The  plasma  densities  in  case  of  the  transversal  discharges  were  measured  by  three 
methods.  Some  results  of  a  comparison  of  the  three  diagnostic  methods  for  the  DC 
and  the  PP  discharge  plasmas  in  supersonic  airflows  are  shown  in  Fig.5.14.  The  probe 
and  spectral  signals  are  received  from  an  area  of  one  of  the  discharge  channels  at  a 
distance  z  =  30-40  mm  from  the  electrodes,  while  the  MW  signal  is  obtained  for  z  = 
40-50  mm. 

One  can  see  that  the  three  independent  methods  yield  reasonably  close  values  of  the 

1  o  _'2 

electron  density  Ue  ~10  cm'  .  Note  that  the  MW  method  shows  lower,  and 
spectroscopic  method  -  upper  limits  of  rig.  This  result  confirms  a  validity  of  the  newly 
developed  probe  method. 

One  can  see  that  the  plasma  density  is  proportional  to  discharge  current. 

It  is  significant  that  the  major  parameters  of  plasma  -  charged  particle  density  and 
neutral  particle  temperature  -  are  slowly  decreasing  along  a  flow  (Fig. 5. 15  -16). 

Gas  temperature  in  anode  and  cathode  parts  of  the  discharge  slightly  differs  on  an 
absolute  value.  It  is  interesting,  that  the  dependence  of  temperature  on  pulse  duration 
is  observed.  (Fig. 5. 17). 

The  absolute  values  of  gas  temperature  fast  grow  with  growth  of  a  discharge  current 
in  the  range  of  small  currents.  In  case  of  values  of  a  current  about  10  A  and  more  this 
growth  is  decelerated  (Fig. 5. 18). 


Plasma  density  (10 


Fig.5.14.  Electron  density  measured  by  different  methods  over  the  discharge 

current  at  p=40  Torr. 

Macroscopic  parameters:  p  =  40  Torr,  P  =  1  atm,  M  ~  2,  L  =10  mm. 


1  -  probe  R  =  0.2  mm;  2  -  probe  R  =  0.5  mm;  3  -  microwave  interferometer;  4 
spectral  method;  5  -  microwave  interferometer  in  the  pulsed  periodic  discharge;  6 
the  cutoff  level. 
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Fig.5.15.  Ion  density  distribution  along  the  axis  of  flow 

Transversal  pulse-periodic  discharge  in  supersonic  airflow,  p  =  100  Torr, 
P  =  2  atm,  M  ~  2,  L  =12  mm. 


Fig.5.16.  Gas  temperature  distribution  along  the  axis  of  flow 

DC  discharge  in  supersonic  airflow,  p  =  40  Torr,  P  =  1  atm,  M  ~  2,  L  =10  mm. 
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Fig.  5.17.  Gas  temperature  as  a  function  of  pulse  duration 

Transversal  Pulse-Periodic  Discharge  in  Supersonic  Airflow. 
Distance  from  the  electrodes  z  =  1  cm  p  =  100  Torr,  P  =  2  atm,  M  ~  2,  L  =  12 
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Fig.5.18.  Gas  temperature  as  a  function  of  pulse  duration 

Transversal  Pulse-Periodic  Discharge  in  Supersonic  Airflow. 

Distance  from  the  electrodes  z  =  1  cm.  p  =  100  Torr,  P  =  2  atm,  M  ~  2,  L  =  12  mm 


Thus,  transversal  electric  discharges  in  the  supersonic  airflow  are  characterized  by  the 
forming  of  areas  near  electrodes  in  which  the  fast  heat  and  ionization  of  originally 
cold  and  dense  gas  occurs.  The  extended  plasma  behind  these  areas  represents  a 
medium  with  small  variation  of  characteristic  plasma  parameters-  ?/N,  rie/N,  ? g. 

This  approach  allowed  us  to  propose  the  physical  model  of  the  transverse  DC 
discharge  in  the  supersonic  gas  flow. 


§3.  The  physical  model  of  the  electrode  transversal  gas  discharge  in 

supersonic  flows 

3.1.  Introduction 

The  geometry  used  for  diseharge  numerical  modeling  is  given  in  a  fig.5.19. 
The  discharge  forms  between  two  electrodes  (cathode  C  and  anode  A).  The  neutral 
gas  stream  moves  along  an  axis  OX. 


h 


Fig.5.19.  Structure  of  discharge  in  a  crossed  gas  flow. 

A  -  Anode,  C  -  Cathode,  1  -  Neutral  gas  area,  (2  -  4)  -  area  filled  by  plasma,  2  - 
cathode  and  anode  ionization  fronts,  3  -  area  supporting  electric  current 
(qualitatively),  4  -  decaying  plasma,  5  -  cathode  layer  area,  where  the  ions  drift 

velocity  exceeds  gas  flow  rate. 

The  main  problems  of  discharge  model  in  a  supersonic  gas  stream  are  connected  with 
a  diversity  of  ionization  transfer  types  in  space  causing  the  motion  of  discharge 
towards  to  a  flow.  At  low  pressures  (<  30  Torr)  this  transfer  can  be  connected  with 

1 .  Drift  of  charged  particles  in  an  electrical  field, 

2.  Ambipolar  diffusion, 

3.  Free  electron  diffusion, 

4.  Transfer  of  radiation  (photo  ionization  of  gas  before  front.  Penning  ionization 
caused  by  a  resonance  emission,  etc.). 

At  high  pressures  equilibrium  discharge  the  transfer  is  connected  with  thermal 
conductivity,  and  the  heat  conduction  can  be  caused  by  the  neutrals,  electrons,  or 
radiation,  depending  on  discharge  degree  of  ionization. 

At  intermediate  pressures,  the  rise  of  pressure  leads  to  overheating  instability,  when 
the  discharge  development  is  connected  with  growth  of  frequency  of  ionization  at 


reduction  density  of  the  neutrals.  The  neutrals  density  falling  is  caused  by  heavy 
components  heating  and  subsequent  pressure  equalization  with  ambient  gas.  Thus,  the 
electrons  temperature  essentially  exceeds  temperature  of  heavy  components.  In  this 
case,  the  gas  warm-up  can  be  connected  with 

1.  Heat  conduction  of  neutrals, 

2.  Diffusive  or  photoionizating  electrons  offset  from  heated  high-ionized  gas  area 
with  weakly  ionized  ‘^replasma”  creation.  Electric  field  heats  the  caused  ‘^replasma” 
electrons  with  the  subsequent  thermal  energy  transmission  from  electrons  to  the 
neutrals.  The  neutrals  warm-up  leads  to  further  falling  of  their  density  in  new  area  of 
space. 

3.2  Discharge  mathematical  model  and  equations 

In  the  elementary  discharge  model  considered  below,  we  shall  keep  only  one  type  of 
ionization  transfer  (ambipolar  diffusion)  and  at  the  analysis  current  distribution  in 
space,  we  shall  consider  plasma  quasi-neutral.  The  deviations  from  quasi-neutrality 
are  essential  near  to  boundary  of  plasma  and  will  be  taken  into  account  as  appropriate 
boundary  conditions.  We  shall  neglect  heating  of  the  neutrals.  The  photo  ionization 
does  not  play  an  essential  role  in  maintenance  anodic  and  cathode  ionization  fronts, 
because  high  energy  photons,  emitted  by  plasma,  are  absorbed  by  electrodes,  or  result 
in  occur  appearance  of  photoelectrons  far  from  front,  bearing  to  new  non- steady  third 
fronts  of  ionization. 


The  equations  set  for  quasineutral  discharge  area  can  be  obtained  from  double-fluid 
hydrodynamics  for  electrons  and  ions,  and  Maxwell  equations.  We  consider,  that  the 
electrons  rig  and  ions  n+  densities  are  equal  =  n+  =  n,  that  means  a  series 
development  on  small  parameter  t]  =  /L ,  where  roe  -  Debye  length,  L  -  the 

characteristic  size  of  plasma  inhomogeneity. 

The  set  of  equations,  used  in  calculations,  looks  like. 
dn 


dt 


+  di\{nCg  ^-VD^n  =  F 


g^_De  'P+vin(n)+ 


(|lg+|l+)n 

nVe  =  nCs  -  D^Vn  - 

+^+) 


(1) 

(2) 


(3) 


(4) 


G,nV^=nCs  -£)„V„  +  — 

(^l,  +  H+ ) 

In  (1)  -  (4)  and  below  we  use  denotations:  Ve,  Cs  -  speeds  of  eleetrons,  ions  and 
neutrals,  [le,  |i+  -  mobility  of  eleetrons  and  ions,  De,  Di  -  eoeffieients  of  a  free  eleetron 
and  ion  diffusion,  e  -  elementary  eleetrie  eharge,  E  -  eleetrie  field  strength  in  plasma, 
F  -  expression  for  sourees  of  eleetron  and  ions,  whieh  are  taking  into  aeeount  that  they 
are  born  by  pairs  only,  j  -  eurrent  density  in  plasma.  The  addends,  eontaining  Cs,  take 
into  aeeount  motion  of  a  gas  stream  eoneerning  eleetrodes  resulting  in  to  ions  and 
eleetrons  drift  downstream.  In  the  formulas  (1)  the  denotation  for  an  ambipolar 
diffusion  eoeffieient 

^  _  ft,D+  +  [i+De 
[i,  + 

is  entered.  The  standard  expression  for  F  is 

F  =  V  (5) 

The  expression  (5)  takes  into  eonsideration  a  straight-line  ionization  by  eleetronie 
impaet  (v,  -  frequeney  of  ionization),  and  two  and  three  -  partial  reeombination  (a 
and  (3  -  reeombination  eoeffieients).  Frequeney  of  ionization  and  the  frequeneies  of  a 
reeombination  are  funetions  of  temperature  of  eleetrons.^  At  pressure  of  the  neutrals 
30  Torr  and  above  elastie  energy  losses  of  eleetrons  predominate,  and  the  eharaeter 
size  of  a  non-uniformity  is  higher  than  eharaeter  distanee  of  heat  transfer 

=  Xg{M  llmj^ »  where  m  and  M  -  eleetronie  and  ion  mass,  Xe  -  the  free  length  of  an 
eleetron,  therefore  in  the  elementary  models  of  diseharge  is  possible  to  eonsider  the 
temperature  of  eleetrons  Te  to  be  a  loeal  funetion  of  an  eleetrieal  field  E  in  the  given 
point  of  spaee.  To  determine  this  funetion  we  use  eleetron  density  balanee  equation. 
This  equation  aeeounts  energy  transfer  from  eleetrie  eurrent  to  eleetrons,  energy 
transfer  from  eleetrons  to  neutral  partieles  (elastie  ant  nonelastie  eollision)  and  loss  of 
energy,  expended  to  eleetrie  ambipolar  field  ereation.  At  a  reeord  (3)  and  (4)  we  have 
limited  by  sluggish  proeesses  with  referenee  frequeneies  less  then  eollision  frequeney 
an  ion  the  neutral.  It  is  possible,  beeause  the  eharaeter  time  of  eleetrons  density 
ehange  is  determined  by  ionization  frequeney  and  usually  on  some  order  below. 

*On  can  use  the  model  relation  =Vj-q  (T^ /^eO  >  [4]- 


Maxwell  equation  yields 


rot\ 


G  =  rotA 
1 


■rotA 


=  0 


(6) 

(7) 


\  y 

where  A  -  vector  potential  of  an  electric  current  (it  is  proportional  to  a  magnetic  field, 
created  by  a  current). 


In  the  field  of  photo  ionization  (1  -  in  a  fig.  19)  it  was  supposed,  that  the 
photoelectrons  disappear  due  to  attachment  and  consequently  do  not  play  any  roles  in 
discharge  propagation.  This  requirement  is  possible  so  long  as  a  field  between  the 
cathode  and  anode  less  breakdown  one.  At  the  solution  of  equation  (1)  in  this  area,  we 
use  a  relation  F{f)  =  -V^n  <0-  Thus,  numerical  model  could  not  describe  processes 
of  a  secondary  breakdown  of  a  discharge  gap. 

Equations  (1)  and  (7)  should  be  suppfemented  by  boundary  conditions.  The  different 
views  of  boundary  conditions  can  be  obtained  by  integration  a  Poisson  equation  both 
dynamical  equations  and  particles  chemical  kinetics  equations  on  a  surface. 
Hereinafter  we  shall  consider  boundary  conditions  at  a  plasma  contact  to  a  rigid  body, 
which  one  can  be  dielectric  or  conductive. 


1.  Requirement  of  normal  current  density  persistence  on  a  cathode  and  anode  surface. 


=  eG^  =  e 


~  h 


(8) 


2.  Assumption  of  ions  current  absence  on  the  anode 


=  0 


(9) 


3.  The  part  of  electric  current,  transferred  by  electrons  on  the  cathode  is  given  [5] 

Gen=yJo/^ 


(10) 


The  set  of  equations  (1-10)  was  solved  in  rectangular  area  O  <  x<  L^,0<  y  <  Ly-  The 

cathode  and  anode  placed  on  boundary  of  computation  area.  The  requirements  of  a 
current  absence  through  boundary  and  requirement  of  plasma  density  symmetry 
concerning  boundary  were  set  on  a  remaining  part  of  boundary 


Jn  =eG^  =ArotA\n  =0 

(11) 

7^ 

II 

o 

(12) 

3.3  Computational  results. 

The  numerical  calculation  has  shown: 

1.  At  the  identical  geometry  and  neutral  gas  environmental  conditions,  the  same 
discharge  state  will  be  realized,  despite  arbitrary  initial  plasma  density  (Fig.  20). 


c) 

Fig.  5.20.  Temporary  discharge,  maintained  by  the  current  J  =  1  A/cm, 
evolution.  Cathode  length  -  1  cm.  X  and  Y  -  actual  discharge  sizes  in  cm,  neutral 
gas  flow  rate  50000  cm/s,  Ne  -  charged  particles  density  in  10^‘^  cm'^. 

The  calculation  corresponds  to  neutrals  pressure  200  Torr. 

The  figures  a),  b),  c)  correspond  to  time  value  t  =  6,  225,  500  ps 


2.  The  cathode  and  anodic  ionization  fronts  represent  not  separate  areas  near  to 
the  cathode  and  anode,  but  also  all  boundaries  between  plasma  and  no  ionized  area 
lying  upwards  on  neutral  gas  fluxion. 

3.  The  current  in  plasma  flows  past  on  a  narrow  bandwidth  by  the  size  about 
electrode  separation  adjoining  to  front  ionization.  (Fig.  5.21). 


Fig.  5.21.  Direct  current  density  J  distribution  (relative  units). 

The  figures  correspond  to  fig.  5.20d) 

4.  The  maximum  ionization  happens  near  to  electrodes,  where  the  current 
density  has  maximum  too.  As  the  current  weep  path  between  the  cathode  and  anode 
has  the  least  value  near  to  ionization  front,  in  any  plasma  cross-sections,  parallel  to 
axis  OX,  an  electrical  field,  tangential  to  ionization  front  surface,  has  maximum  value 
near  front.  An  electrical  field,  normal  to  front  is  generated  by  plasma  non-uniformity 
and  has  maximum  at  plasma  boundary.  Thus,  in  any  plasma  cross-section  lengthwise 
axis  OX  the  ionization  frequency  has  maximum  value  at  plasma  boundary.  This 
current  stipulates  a  heating  of  electrons  and  ionization  as  at  the  front  and  near  to 
plasma  boundary. 


5.  Sharp  boundary  (by  the  size  of  the  order  ^  )  between  space  area  held 

by  plasma  and  free  from  it  (so-called  front  of  ionization)  is  formed.  The  conducted 
analysis  yields,  that  boundary  between  plasma  and  not  ionized  gas  behavior  is  subject 
to  an  equation  similar  to  Kolmogorov- Petrovsky- Piskunov  equation  [6] . 

6.  As  the  diffusive  ionization  front  speed  is  perpendicular  to  its  surfaces  and  is 
peer  V  =  2^ jv  ■  and  the  front  simultaneously  communicates  downstream  with 

flow  rate  of  the  neutrals  Cs,  that  the  angle  ao  between  front  and  a  flow  rate  direction 
can  be  used  for  an  of  ionization  frequency  estimation  on  plasma  boundary 
sin(a„)  =  V'/C=2VDy;/C,  (13) 

Equation  (14)  yields 

v,=Cjsm^-aj4D,  (14) 

Thus,  the  ionization  tracks  both  cathode,  and  anode  represents  a  wedge  (in  flat 
geometry),  and  the  angle  between  tangent  to  ionization  front  boundary  and  neutral 
hydrodynamic  flow  rate  is  determined  by  the  formula  (13).  Behind  ionization  front, 
plasma  density  is  great  enough  and  the  recombination  processes  can  be  essential. 
Thus,  it  is  possible  to  expect,  that  in  this  area  the  balance  of  particles  can  be  local,  and 
the  diffusion  processes  are  incidental.  It  means  that  the  set  of  equations  behind  front 
can  be  abbreviated  for  neglecting  transfer  processes  in  plasma. 

In  area  behind  plasma  forward  boundary  the  role  of  diffusion  is  small  and  we 
can  use  Raizer  and  Paschenko  [6]  analysis  for  discharge  description,  supplementing  it 
by  relation  between  plasma  cross-sectional  area  on  which  one  the  current  flows  past 
and  longitudinal  coordinate  (See  equation  (13)).  Ionization  frequency  and 
longitudinal  electric  field  in  (13)-(14)  (far  from  electrodes,  in  flowing  plasma)  is 
determined  by  local  particle  balance  equation. 

n,(v,(£c)-a(£cK)=0.  (15) 

However,  since  the  gas  flow  is  perpendicular  to  a  straight  line  connecting  the 
cathode  and  anode  (transversal  discharge  in  a  gas  stream,  fig.  19),  a  positive  column 
has  a  point,  where  its  boundary  is  perpendicular  to  flow  velocity,  and  charged 
particles  drift  is  also  perpendicular  to  a  flow,  therefore  both  electrons,  and  ions  will 
move  downstream  at  any  speed  of  neutral  gas.  That  completely  corresponds)  to 
outcomes  of  the  numerical  score  (see  fig.  5.20  and  5.21). 


Thus,  in  absence  of  the  transfer  processes,  the  transversal  d.c.  discharge  is 
always  «supercritical».  Therefore,  we  have  the  transitions  from  «up  to  stream»  to 
«over  stream»  charged  particles  drift  velocities  towards  to  a  flow  near  each  electrode. 

To  obtain  real  space  form  of  transversal  discharge  one  have  to  take  into 
account  transfer  properties  (ambipolar  diffusion  coefficient  in  our  case). 

Experiments  described  earlier  shows  that  discharge  in  transversal  gas  flow  is 
periodic  (not  stationary),  as  it  predicted  by  numerical  results.  Apparently,  it  is 
connected  with  electric  field  growth  between  cathode  and  anode  when  plasma  moves 
downstream,  before  the  steady  state  is  achieved.  After  the  sufficient  Voltage  between 
cathode  and  anode  is  achieved,  the  breakdown  is  watched.  The  model  of  this 
breakdown  must  take  into  consideration  gas  photo  ionization  and  capability  of  current 
closing  between  the  cathode  and  anode  by  displacement  current.  As  the  angle  between 
a  plasma  surface  and  flow  rate  after  a  breakdown  exceeds  tto,  that  the  part  of  plasma 
removed  from  electrodes  starts  to  communicate  downstream  and  steady  front  begin  to 
forms  according  to  numerical  results.  Then  the  fixed  front  formation  process  is  again 
interrupted  by  a  new  breakdown,  and  thus  discharge  passes  in  the  periodic  form. 

For  building-up  alternating  discharge  theory  it  is  necessary  to  view  not  only 
strongly  ionized  area,  but  also  the  weakly  ionized  plasma  area. 

In  the  whole  requirement  of  embodying  of  the  different  shapes  of  discharge  in 
a  cross  flow  of  gas  can  be  formulated  as  the  Table  I. 

Presence  of  the  different  kinds  of  an  alternating  discharge  (arc  and  diffuse)  at 
different  rates  of  flow  marked  in  [1],  can  be  explained  by  change  of  the  discharge 
propagation  mechanism  towards  to  a  stream.  At  low  speeds  (strong  heating  of  gas, 
feeble  fields  in  a  positive  column)  -  it  may  be  the  mechanism  connected  with  heat 
conductivity,  at  major  -  (feeble  heating  of  gas,  diffusive  discharge)  it  may  be 
mechanism  circumscribed  in  the  present  work. 


The  direct  current  discharge  in  transversal  gas  flow 
Classifications 


Table  I 


Subcritical 
discharge  similar 
to  discharge 
without 

transversal  flow 

Supercritical  discharge  as  two  sphenoid  ionization  tracks  behind  the 

cathode  and  anode 

Cs>Vf~2-^D^i  sina-k^yC^ 

C5  <V'y 

Stationary  discharge 

Alternating  discharge 

^steady  .  ^ f 

- sma  - 

^break 

U  steady  >  = 

^ break 

.^f 

Cs 

The  anodic  positive  column 

The  cathode  positive  column 

Always  subcritical  (in  Raizer  and 

Subcritical  if 

Supercritical,  if 

Paschenko  sense  [6]) 

Cg  coscx  <  u_^ 

CO  SQL  > 

§4.  Numerical  simulation  of  inviscid  supersonic  flow  over  an  electric 

discharge  region 

Numerical  simulation  of  a  supersonic  flow  over  an  electric  discharge  region  is 
carrying  out  for  inviscid  formulation.  The  energy  supply  is  interpreted  as  an  energy 
source  of  predetermined  intensity.  Previously  such  approach  was  used  for  the 
computation  of  an  action  of  local  energy  sources  on  the  flow  over  different  bodies 
[11,  12].  In  present  paper  the  possibility  of  organization  of  appropriate  conditions  for 
the  supersonic  air-fuel  mixture  ignition  is  investigated.  Correspondingly  the  obtaining 
of  high  temperature  in  the  wake  and  new  principles  of  deceleration  of  the  supersonic 
flow  are  a  subject  of  particular  interest. 


The  non-steady  motion  with  a  distributed  energy  supply  is  described  in  cylindrical 
coordinates  r,  z  by  Euler  equations: 
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The  total  energy  of  a  volume  unit  is  determined  for  an  ideal  perfect  gas  by  an  equation 
of  state: 

P  ^P(  2^  2] 

e= - 1 — 1m  +v  ) 

Y-1  2 

The  energy  supply  density  (to  a  mass  unit  per  time  unit)  is  assumed  to  be  the 
predetermined  function  of  coordinates  and  time: 

Q(r,z,t)  =  QofiOexp 
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The  supersonic  stream  in  actual  experiment  is  formed  as  a  result  of  an  outflow  throw 
the  nozzle  from  an  open  space  into  the  low-pressure  chamber.  For  numerical 
computations  the  flow  is  assumed  to  be  “unbounded”,  that  is  effects  of  a  real  stream 
are  neglected.  Undisturbed  flow  parameters  p^,T^  (initial  data  for  numerical  approach) 
are  determined  by  a  given  Mach  number  Mj  on  a  nozzle  outlet  and  critical  stagnation 
parameters  pg,  7],  in  the  open  space. 
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For  all  computations:  y  =  1.4,  Mj=2,  Pq  =  101320N/m^ ,  7’q  =  300K.  Density  is 
determined  by  an  equation  of  state:  p  =  ,  where  R  =  Rq/^,  /Zq  =8314.32  J/(Kkmol) 

-  universal  gas  constant,  p,  =  28.964420kg/kmol  -  molecular  mass  of  an  air.  Thus: 
Po  =  1.176kg/m^ ,  pj  =  12950N/m^ ,  =  166. 7K,  pj  =0.270kg/m^ .  The  procedure  of 

reduction  of  formulation  to  the  dimensionless  form  using  Po,po  and  typical  length 
Zq  =10“^m  was  applied.  Pressure  is  measured  by  p^,  density  -  by  pg,  velocity  -  by 
■yJpolPo  ■'  distances  -  by  1^,  time  -  by  Io/-^JpoIpo  ■  Parameter  Qq  is  measured  by 

{pq/Pq?^^ IIq  and  characterized  the  energy  source  intensity.  The  total  power  input 
W(t)  depends  on  the  complete  task  solution  and  can  be  calculated  during  the 
computation  process. 
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When  similarity  conditions  (by  Y,Mj,gg)  are  fulfilled  the  same  numerical 
decision  can  be  applied.  Formula  for  W  (t)  shows,  that  under  the  decreasing  of  energy 
source  size  (that  is  equivalent  to  Zg  decreasing)  the  same  parameters,  in  particular 
temperature,  can  be  obtained  for  a  narrow  wake  with  indefinitely  small  energy  input. 


An  action  of  a  steady  energy  supply  on  the  supersonic  flow  structure  can  be  estimated 
by  comparison  of  different  energy  sources  of  the  same  cross  size  Ar  =  0.15  : 

(1)  -  Az  =  0. 15,  Qg  =  40,  power  IV  =  475  Watt 

(2)  -Az  =  0. 15,  Qg  =  100,  power  IV  =  913  Watt 

(3)  -  Az  =  0. 15,  Qg  =  200,  power  IV  =  1340  Watt 

(4)  -  Az  =  0.75,  Qg  =  40,  power  IV  =  828  Watt 

Intensities  2g  for  spherical  (3)  and  ellipsoidal  (4)  energy  sources  were  selected 
so  that  2o  Az  =  const.  The  computed  steady  power  input  IV  for  ellipsoidal  (4)  energy 
source  is  even  smaller  than  for  spherical  one  (2). 

For  the  steady  flow  over  energy  sources  the  infinite  high  temperature  wake  with  a 
cross  size  determined  by  the  energy  source  cross  size  is  formed.  Parameter  Ar  =  0.15 
was  selected  in  such  a  way  that  the  wake  cross  size  had  to  be  equal  to  the 
experimentally  observed  value  0.25.  The  remote  wake  cross  profiles  are  conservative 


in  z  direction  since  the  absence  of  the  dissipation  for  inviscid  flows.  The  wake  is 
characterized  by  decreased  values  of  density,  total  pressure,  Mach  numbers  and 
increased  velocity.  The  static  pressure  increase  locally  in  the  source  center  vicinity 
and  for  the  remote  wake  is  practically  equal  to  the  ambient  flow  pressure. 


Mach  number  isolinesi  MB=  2.0,  Gfl=  1.4,  K=  8000,  T=  6.513 


a)  regime  with  a  local  subsonic  region  (3) 


0.00  2.00  4.00  6.00 

b)  regime  with  infinite  subsonic  trace  (4) 


Fig.5.22  Steady  regimes  of  flows  over  energy  sources  (Mach  number  isolines). 


Flow  pictures  and  distributions  of  different  parameters  in  longitudinal  and  cross 
directions  for  computations  (l)-(4)  are  presented  in  Figures  5.22-5.26.  For  spherical 
energy  sources  of  high  power  (l)-(3)  existence  of  a  local  subsonic  region  (remote 
wake  is  supersonic)  and  a  bow  shock  wake  are  typical  (Fig.5.22a).  For  “equivalent” 
(by  QqAz  )  ellipsoidal  energy  source  (4)  the  continuous  deceleration  of  the  flow  down 

to  a  subsonic  speed  is  taking  place  (Fig.5.22b).  The  infinite  subsonic  wake  and 
hanging  shock  wave  are  formed  in  this  case. 

Mach  number  distribution  (Fig. 5. 23)  demonstrates  the  effect  of  “saturation  of 
the  flow  with  energy”,  previously  observed  in  [12].  At  conservation  of  the  spherical 
shape  of  the  energy  source  (curves  1-3)  it  is  impossible  to  decrease  the  Mach  number 
in  the  remote  wake  by  increasing  the  energy  source  intensity  .  For  ellipsoidal 

energy  sources  the  restrictions  of  this  effect  can  be  negotiated  -  the  subsonic  remote 
wake  is  formed.  It  is  necessary  to  underline  qualitative  differences  for  longitudinal 
velocity  component  v  (Fig. 5. 24)  and  static  pressure  p  (Fig.5.25)  behavior  for 

examined  flows.  For  ellipsoidal  energy  source  (4)  static  pressure  is  changed  slightly 
and  smoothly,  while  for  spherical  ones  (1-3)  the  occurrence  of  a  distinctive  peak, 
corresponded  to  the  bow  shock  wave,  is  typical.  The  remote  wake  velocities  are 
determined  by  the  energy  source  intensity  Qq  (curves  1,4).  The  greater  is  ,  the 
higher  wake  velocity  observed.  Thus,  the  energy  input  is  consumed  for  kinetic  energy 
increasing,  which  is  unfavorable  for  high  temperature  obtaining. 

As  a  result  of  numerical  computations  it  is  shown  that  such  critical  quantity  (for 
the  air-fuel  mixture  ignition)  as  temperature  is  determined  by  synthetic  parameter 
QqAz  .  Temperature  profiles  for  “equivalent”  computations  are  closed  to  each  other 
(curves  3,4  on  Fig. 5. 26).  For  ellipsoidal  energy  source  (4)  the  temperature  in  the 
remote  wake  is  two  times  greater  than  for  spherical  ones  (2),  in  spite  of  smaller  steady 
power  input.  Thus,  the  increasing  of  the  longitudinal  energy  source  size  is  the 
preferable  method  of  an  optimization  of  the  energy  supply.  Ellipsoidal  energy  source 
provides  continuous  deceleration  of  the  flow  down  to  a  sub  wake. 
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Fig.5.23.  Mach  number  distribution  along  the 
symmetry  axes  for  different  energy  sources. 


Fig.5.24  Velocity  v/^^po/po  distribution  along  the 
symmetry  axes  for  different  energy  sources. 


Fig.5.25  Pressure  p/po  distribution  along  the 
symmetry  axes  for  different  energy  sources. 


The  supersonic  flow  over  pulse-periodic  energy  sources  was  investigated.  For 
determinacy  the  spherical  energy  source  Ar  =  0.l5,  Az  =  0.l5,  Qq=200  with  steady 

power  input  w  =1340  Watt  was  selected.  It  was  assumed  that  pulses  are  rectangular: 
energy  supply  is  powered  on  during  the  time  in  the  beginning  of  every  period  of 
duration  T^.  Correspondingly  function  /(f)  that  modulate  energy  supply  density 
Qir,z,t)  with  time  looks  as  follow: 


jf  mod(f,7’^)<fo 
jo,  mod(f,7’^)>fo 

Computation  results  will  be  presented  as  distributions  by  space  for  typical  time 
moments  and  time  oscillograms  in  selected  point  z  =  6  on  the  symmetry  axes. 


Fig.5.26.  The  cross  distribution  of  temperature  r//  in  the  remote  wake. 

In  the  first  stage  the  conditions  of  the  real  experiment  were  approximated  =  1  ms 
(  Tq  =29,3  for  dimensionless  form  accepted),  Iq  =0.1  T^.  The  regime  of  “long  single 
pulses”  is  realized  (Fig.27).  The  formation  of  ellipsoidal  high  temperature  region  with 
size  depended  on  the  ambient  flow  velocity  and  pulse  duration  is  typical  for  this  case. 
The  elongation  of  the  region  due  to  the  ejection  of  hot  particles  outside  the  source  by 
the  flow  is  taking  place  when  energy  supply  is  powered  on.  After  the  energy  source  is 
down  the  high  temperature  region  is  drifted  downstream  with  the  velocity  of  ambient 
flow  and  the  bow  shock  wave  transforms  to  a  characteristics.  The  pulse  duration  is 

long  enough  so  that  flow  picture  (Fig. 5. 27 a)  in  observed  region  0<z<6  is  in 
agreement  with  the  steady  regime.  Time  oscillograms  (Fig. 5. 27b)  have  typical 


horizontal  segments  with  steady  values  of  parameters.  The  main  conclusion:  time 
characteristics  of  the  energy  source,  chosen  for  experiments,  allow  to  simulate  the 
results  of  an  action  of  the  steady  energy  source  on  a  supersonic  flow  during  the  shot 
time. 

For  investigation  of  the  action  of  a  pulse  repetition  frequency  on  processes  dynamic 
the  computation  series  with  Iq  =0.5  was  carrying  out. 

For  period  =0.1  ms  the  regime  of  “short  single  pulses”  is  observed  (Fig. 5. 28).  In 
this  case  every  new  pulse  is  still  realized  in  undisturbed  region. 


a)  typical  density  isolines 


b)  temperature  TjT^  oscillogram  for  z  =  6 


Fig.5.27.  The  regime  of  “long  single  pulses”. 


a)  typical  density  isolines 


c)  temperature  T/Jq  oscillogram  for  z  =  6 

Fig.5.28  The  regime  of  “short  single  pulses”. 

The  bow  shock  wave  is  drifted  by  the  ambient  flow  downstream  the  source  center 
before  the  end  of  every  period.  The  short  ellipsoidal  high  temperature  region  is 
formed  (Fig. 5. 28a).  Horizontal  segments  with  steady  values  of  parameters  are  still 
presented  on  oscillograms  (Fig.5.28b).  The  flow  dynamics  in  the  observed  region 
0  <  z  <  6  is  essentially  unsteady. 

The  criteria  of  quasi- stationary  flow  is  determined  from  the  condition  that  the 
upstream  front  of  the  shock  wave,  induced  by  the  energy  impulse,  isn’t  drifted 
downstream  the  energy  source  center  [13].  This  regime  is  corresponding  to  the  period 
=0.04 ms  (Fig. 5. 29).  The  complicated  pulsing  shock  wave  structure  is  formed  in 
this  case.  The  pulse  duration  is  short  and  ellipsoidal  high  temperature  region  is  not 
identified  in  Fig.5.29a.  The  temperature  is  composed  by  typical  sharpen  peaks  with 
sudden  fore  front  and  gently  sloping  back  front  (Fig. 5. 29b).  Thus  the  action  of  such  a 
source  on  the  flow  is  unsteady.  The  appropriate  title  for  this  case  -  “regime  with 
quasi-stationary  bow  shock  wave”. 


b)  temperature  r/r,,  oscillogram  for  z  =  6 


Fig.5.29.  The  regime  “with  quasi-stationary  how  shock  wave”. 


“Quasi-stationary  regime”  is  realized  for  period  =0.01  ms  (Fig. 5. 30).  In  this  case 

the  practically  steady  shock  wave  and  the  pulsing  high  temperature  wake  are  formed 
(Fig. 5. 30a).  The  flow  field  is  close  to  steady  one  (Fig. 5.22a).  However,  as  distinct 
from  the  steady  case,  the  energy  source  is  powered  on  for  half  of  a  period  (fo  =0.5  T^). 
So  the  correct  comparison  by  absolute  values  will  be  for  =  100  (computation  (3)). 
The  oscillogram  temperature  (Fig. 5. 30b)  illustrates  quasi-steady  action  of  the  energy 
source  on  the  flow  structure.  The  temperature  oscillates  near  new  value,  determined 
by  the  steady  regime  Qq  =  1(X)  .  For  intervals  between  pulses  when  the  power  is  off  the 
temperature  not  drop  down  to  undisturbed  values,  as  it  was  for  all  previous  cases.  For 
further  increasing  of  pulse  repetition  frequency  the  temperature  oscillation  amplitude 
will  decrease. 
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b)  temperature  t/t^  oscillogram  for  z  =  6 

Fig.5.30  The  “quasi-stationary”  regime . 

Thus,  pulse-periodic  energy  input  in  quasi-stationary  mode  not  only  simulate  the 
steady  source  for  a  short  time  interval,  but  is  completely  equivalent  to  the  steady 
source  by  an  action  on  the  supersonic  flow. 

The  comparison  of  experimental  and  theoretical  researches  of  transversal  gas 
discharges  interaction  (direct  current,  pulse  and  pulse-periodic)  with  a  supersonic  gas 
flow  is  showed  that  the  basic  regularity  of  the  gas  discharge  formation  in  a  supersonic 
flow  have  not  bad  agree  with  results  of  computational  modeling  of  airflow  a  non¬ 
stationary  thermal  source. 

Spatial  distribution  of  gas  temperature  and  its  value  are  in  good  consent  with  results 
of  account. 


§5.  Plasmadynamic  discharge  in  a  supersonic  flow 

The  posing  of  experiments  of  studying  properties  of  the  plasmadynamic  discharge  in  a 
supersonic  flow  was  the  following. 

The  plasma  jet  was  generated  by  a  pulsed  plasmatron  and  was  injected  into  an 
aerodynamic  channel  normally  to  the  flow.  In  the  current  experiments  the  channel 
was  a  032(internal)x43O  mm  tube  made  of  a  molybdenum  glass.  Three  pairs  of  00.3 
mm  molybdenum  probes  were  sealed  into  the  tube,  the  first  of  them  was  12  cm  from 
the  electrodes,  the  rest  were  positioned  with  a  10-cm  separation  from  each  other.  The 
fourth  0  1  mm  probe  was  positioned  in  the  channel  end. 

Temporary  dependencies  of  distributions  of  charged  particles  density  along  the 
channel  can  be  determined  with  use  of  probes  with  a  fixed  bias  voltage.  Two  schemes 
of  measurement  were  applied:  with  the  galvanic  separation  based  on  optical 
waveguides  and  on  optrons. 

In  the  same  time  a  MW  signal  cutoff  was  detected.  For  so  doing,  the  dielectric 
antennae  of  the  interferometer  were  positioned  in  an  arbitrary  cross  section  of  the 
channel. 

The  measurements  were  carried  out  in  a  regime  of  single  pulse  with  a  voltage  of  the 
generator  being  equal  to  4  kV.  The  values  of  the  pressure  in  the  chamber,  the  pressure 
in  the  receiver  of  the  compressor,  and  the  contents  of  propane  were  varied. 

The  influence  of  variation  of  the  pressure  in  the  receiver  of  the  compressor  on  the 
temporary  dependence  of  plasma  density  in  the  z=  12  cm  cross  section  of  the  channel 
is  shown  in  Fig.  5.31,  a,  b,  c. 

The  upper  beam  shows  the  signal  of  the  double  probe,  the  lower  beam  is  the  signal 
from  the  Rogowskii  coil,  which  is  in  a  direct  proportion  to  the  discharge  current.  With 
an  account  of  the  voltage  in  the  generator,  the  period  of  energy  input  was  about  100 
ps. 

One  can  see  that  the  first  sharp  jump  of  the  upper  beam  is  a  noise,  which  corresponds 
to  the  breakdown  of  the  discharge  gap. 

Some  120  ps  later,  the  plasma  achieves  the  cross  section  of  the  first  double  probe.  The 
derived  speed  of  movement  of  the  plasma  jet  is  about  1  km/s,  that  is  much  higher  than 
the  speed  of  the  supersonic  flow.  One  can  be  quite  sure  that  it  is  the  speed  of 


propagation  of  the  plasma  jet  itself,  which  is  being  injected  into  the  channel  and  is 
interacting  with  the  opposite  wall. 

The  density  of  plasma  as  a  rule  remains  rather  high  for  rather  a  long  time  (hundreds  of 
ps)  after  the  energy  input  end.  Not  only  the  head,  but  also  the  back  end  of  this 
distribution  is  rather  steep. 

As  the  pressure  in  the  receiver  is  enhanced,  the  length  of  the  plasma  slug  becomes 
less:  at  P  =  1  atm  it  is  700  ps,  and  at  P  =  4  atm.  it  is  400  ps  (  Fig. 5. 31  a,b,c  ). 

This  effect  is  present  along  all  the  channel  -  in  the  channel’s  end  the  length  falls  from 
the  same  700  ps  at  P  =  1  atm.  to  500  ps  at  P  =  4  atm.  ( Fig. 5. 32  a,b,c  ). 

The  effect  of  growth  of  the  pressure  in  the  chamber  on  both  value  and  temporary 
dependence  of  the  plasma  density  is  practically  absent  up  to  500  Torr.  A  comparison 
of  currents  of  the  probes  positioned  along  the  channel  shows  that  in  all  the  cases  the 
fall  of  plasma  density  along  the  channel  is  insignificant. 

In  order  to  determine  absolute  values  of  density  of  charged  particles,  voltage  current 
characteristics  of  the  double  probes  have  been  registered.  For  so  doing,  the  sawtooth 
bias  voltage  (10  ps,  ±26  V)  was  applied  between  the  probes. 

A  typical  registration  of  oscillograms  of  the  probe  voltage  and  current  with  a  long 
scanning  time  is  presented  in  Fig.5.31.  For  the  given  conditions  an  interval  with 
minimal  density  variation  was  chosen  with  use  of  a  delay  generator.  Then 
oscillograms  of  the  probe  voltage  and  current  with  a  short  scanning  time  were 
registered  -  see  Fig. 5. 32. 

One  can  see  that  the  probe  voltage  current  characteristics  here  tend  to  saturation, 
contrary  to  the  case  of  pulsed  periodical  discharges. 

The  analysis  of  the  probe  characteristics  can  be  based  on  the  asymptotic  analysis  for  a 
probe  in  a  slow  flow  [14,15]:  which  is  vahd  if  Reo  »1,  %  «1>  £  9m»l,  and  if 

■^>1  are  limited.  Here  Ren  =VgR/Di,  %  =  neD/(WR^),  8  = 
ksT^o/inee^P^),  (^m=e^p/{kBTg),  8o  is  the  dielectric  constant,  tp^  is  the  probe  potential, 
W  is  the  characteristic  rate  of  plasma  chemical  reactions. 


Fig.5.31.  Oscillograms  of  probe  current,  proportional  to  plasma  concentration,  at 

different  pressure  in  receiver 

a  -  Po  =  1  atm,  b  -  2  atm,  c  -  4  atm 

p  =  300  Torr 


Fig.5.33.  Oscillograms  of  probe  voltage  bias  (upper  beam) 
and  current  (lower  beam) 

P=300  Torr,  Po=2  atm,  5|J,s/div 


Fig.5.34.  Oscillograms  of  probe  voltage  bias  (upper  beam) 
and  current  (lower  beam) 

P=300  Torr,  Po=2  atm,  2|j,s/div 


Estimates  for  the  current  experiments  with  the  decaying  plasma  of  the  plasmadynamic 
discharge  (E  =  0,  Tg~Te~2000...5000  K,  ne=10*^...10^^  m"^)  have  shown  that  these 
condition  are  met:  Re  ~  (0.6-l)*10^  ;  tpm  ~  3-300;  at  ne=10'^m“^  -  8  ~  (1-3)*10‘'^;  at 
n,=  10^^  m“^-£-(l-3)*10“^;%«  1. 

The  analysis  [15]  says  that  at  8  Re  «1  the  probe  voltage  is  defined  by  the  Debye 
layer,  and  the  voltage-current  characteristic  is  saturated.  At  e  Re  »  1  the  probe 
voltage  is  defined  by  the  region  outside  the  boundary  layers,  and  the  voltage-current 
characteristic  is  linear.  For  the  air  plasma  eRe  ~  0.13*10“  *v  *ng  Ing,  and  at  Ug  =  10 
m  ,  the  threshold  value  eRe  =  1  corresponds  to  0.5.10  m  .  In  our  case,  the  forms 
of  voltage-current  characteristics  are  intermediate,  that  says  that  eRe  ~1,  i.e.  rig  is 
about  10^°  m“^ 

The  results  of  probe  measurements  were  compared  with  results  of  microwave 
sounding  of  the  plasma.  A  typical  view  is  shown  in  Fig.  5.35.  One  can  see  that  the 
MW  radiation  does  not  pass  through  a  major  part  of  the  plasma  volume,  i.e.  any 
measurable  probe  current  corresponds  to  a  plasma  density,  which  is  higher  than  the 
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critical  density  1.6  10  cm"  . 

This  is  true  even  for  the  end  of  the  supersonic  channel. 


Fig.5.35.  Oscillograms  of  MW  signal  (upper  beam)  and  probe  current  at  fixed 

bias  (lower  beam) 

P  =  300  Torr,  z  =  32  cm,  Po=2  atm. 


Thus,  it  is  shown  that  the  density  of  the  charged  particles  can  achieve  values  of  about 
10*"^  cm'^  and  higher,  and  slowly  drops  along  the  length  of  the  channel.  It  is  confirmed 
by  the  data  of  microwave  measurements.  The  cut-off  of  MW  sounding  radiation  can 
take  place  even  in  the  end  of  the  supersonic  channel,  i.e.  there  the  electron  density  is 
higher  than  1.6  10^^  cm'^. 

In  a  number  of  cases  the  signal  with  two  sharply  expressed  maximums  was  registered 
in  outflow  face  of  the  supersonic  channel,  where  the  third  probe  was  located.  (The 
third  probe  was  located  on  a  distance  of  32  cm  from  the  pulsed  plasmatron,  and  the 
plasmatron  was  located  on  a  distance  of  12  cm  from  the  outflow  face  of  the  Laval 
nozzle). 

Such  a  behavior  of  the  probe  current  is  in  good  conformity  with  results  of  the  work 
[16]. 

At  first  two  series  of  experiments  on  studies  of  interaction  of  the  pulsed  plasma  with 
the  supersonic  airflow  was  carried  out.  These  experiments  have  shown  that  the 
character  of  plasma  interaction  with  the  supersonic  airflow  in  the  supersonic  channel 
essentially  differs  from  the  case  of  plasma  outflow  in  the  supersonic  flow  in  free 
space.  In  case  of  the  supersonic  flow  limited  by  walls  of  the  combustor  the  plasma  jet 
is  heated  up  to  significant  temperatures  during  some  tens  of  microseconds.  The 
pressure  in  the  area  of  the  plasma  jet  sharply  grows  and  the  plasma  begins  to  extend 
along  an  axis  of  the  channel  in  both  directions  (upwards  and  downwards).  Thus  there 
is  a  formation  of  two  plasma  fronts.  One  of  such  fronts  is  propagating  along  the 
airflow,  another  one  goes  upstream  Probably  the  plasma  piston  propagating  upstream 
blocks  the  flow  for  some  time.  The  speed  of  movement  of  the  piston  gradually 
decreases.  When  the  pressure  in  the  piston  and  in  the  airflow  become  close  to  each 
other,  the  plasma  begins  to  move  along  the  flow.  Thus  the  speed  of  plasma  is  equal  to 
the  speed  of  the  airflow.  The  study  of  dynamics  of  plasma  front  driven  along  the  flow 
shows  the  following.  First,  the  initial  speed  of  the  motion  of  plasma  border 
considerably  exceeds  the  speed  of  the  airflow.  Secondly,  the  speed  of  the  plasma 
piston  depends  on  the  entry  conditions.  In  our  experiments  it  changed  from  650  m/s 
(fore  front  of  plasma  piston)  up  to  values  of  the  order  700  m/s  (hinder  front  of  plasma 
piston). 


§6  Propane  addition  influence  on  plasma  parameters  of  discharges  in 

supersonic  airflow 

6.1.  Pulse-periodical  discharge 

The  transversal  gas  discharge  was  used  to  study  of  the  opportunity  of  the  ignition  in 
air  -  propane  mixture.  The  discharge  was  formed  in  a  zone  of  the  braking  of  the  gas 
flow  (zone  of  the  sudden  expansion).  The  researches  were  carried  out  at  the  flow 
Mach  number  M=2  in  a  wide  range  of  the  entry  conditions.  The  static  pressure  in  the 
channel  changed  from  40  up  to  600  Torr.  The  duration  of  the  input  energy  pulse 
varied  from  20  up  to  1000  ps.  The  discharge  current  varied  from  1  up  to  20  ?.  The 
single  and  periodical  pulse  modes  of  the  ignition  of  the  combustible  mixture  were 
studied.  The  maximal  repetition  rate  of  the  ignition  pulses  was  500  Hz. 

The  ignition  process  of  the  air-propane  mixture  with  the  help  of  pulsed-periodic 
discharge  in  the  supersonic  channel  at  the  gas  static  pressure  p=450  Torr  are 
illustrated  in  Fig.5.36. 


Fig.  5.36(a)  corresponds  to  the  pulse  duration  Xp=50  ps  and  the  pulse  repetition  rate 
f=500  Hz,  and  Fig.  5.36(b)  -  to  Xp=200  ps  and  f=10  Hz.  The  pulse  power  is  40  kW. 
The  average  power  consumption  in  the  first  case  is  400  W,  in  the  second  -  80  W. 


Fig.5.36.  Transversal  gas  discharge  in  the  supersonic  combustor  in  air- propan 

mixture 

Mach  number  M  =  2,  current  discharge  I  =  20  A,  p  =  450  Torr 


The  propane  mass  fraction  was  about  the  stoichiometric  one.  The  ignition  of  the 
combustible  mixture  is  observed  at  the  pulse  duration  exceeding  200  |is  and  gas  static 
pressure  exceeding  200  Torr. 

The  earlier  experiments  on  a  breakdown  of  an  air  -  propane  mixture  under  these 
pressures  have  shown,  that  the  propane  addition  changes  breakdown  voltage  in  the 
limits  of  (10  -  20)  %. 

As  breakdown  voltage  is  the  most  sensing  parameters  of  the  discharge,  it  is  necessary 
to  expect  that  the  propane  addition  influence  on  plasma  parameters  of  pulse-periodic 
discharge  will  be  minimal. 

So,  the  systematic  propane  addition  influence  on  period  of  oscillations  of  a  discharge 
current  and  voltages  did  not  detected. 

Let's  take  into  account  now,  that  the  measurements  of  spatially  -  temporary  evolutions 
of  plasma  parameters  were  investigated  in  case  of  pulse-periodic  discharge  in  free  jet, 
and  ignition  experiments  were  carried  out  in  the  supersonic  channel. 

The  direct  comparison  of  parameters  in  this  case  is  impossible.  Therefore  we  have 
limited  investigation  of  propane  addition  influence  on  a  spectrum  of  a  plasma 
radiation  of  pulse-periodic  discharge  in  the  same  conditions.. 

At  the  use  of  the  propane-air  (CsHg-air)  mixture,  a  lot  of  the  carbon  should  be  formed 
at  burning  of  such  mixture.  That  is  the  harmful  phenomenon  for  the  real  engine. 
However  at  the  same  time,  the  intensive  formation  of  the  carbon  should  be  the 
certificate  of  CsHg-air  mixture  burning. 

The  radiation  spectrum  of  the  discharge  plasma  in  the  supersonic  airflow  without  the 
propane  in  the  range  of  wavelengths  ?i=500-600  nm  is  submitted  in  Fig. 5. 37(a)  and 
the  spectrum  of  the  discharge  in  the  supersonic  flow  of  CBHg-air  mixture  is  given  in 
Fig. 5. 37(b).  Static  pressure  in  the  chamber  is  300  Torr,  Mach  number  of  a  flow  is  2, 
duration  of  pulses  of  the  discharge  current  is  500  |is,  frequency  of  their  repetition  is  5 
Hz,  discharge  current  is  10  A  and  the  distance  from  electrodes  downwards  on  the  flow 
is  10  cm. 


From  the  Fig.5.37  one  can  see,  that  the  intensive  formation  of  the  carbon  takes  places 
with  the  addition  of  CsHg  in  air.  It  undoubtedly  testifies  the  ignition  of  a  propane-air 
mixture  in  our  conditions. 
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Fig.5.37.  The  radiation  spectrum  of  the  plasma  of  the  discharge  in  a  supersonic 
flow  of  air  without  a  propane  in  the  range  of  wavelengths  X  =500-600  nm. 

Pst  =  300  Torr,  M  =  2,  x  =  500  ps,  f  =  5  Hz,  1=10  A,  and  z=10  cm. 
a  -  without  propane,  b  -  with  propane 

6.2.  Plasma  jet 

On  Fig.5.38  the  photos  of  the  supersonic  air  -  propane  flow  ignition  are  given  at  Mach 
number  ?  =  2.  One  can  see  that  the  ignition  occurs  over  the  whole  length  of  the 
combustor. 

Ignition  of  propane-air  supersonic  flow  by  plasma  jet  was  investigated  in  the  same 
conditions  that  the  measurements  of  plasma  parameters  of  plasmadynamic  discharge. 

As  result,  more  detailed  investigation  propane  addition  influence  on  plasma 
parameters  was  performed. 

Some  results  of  measurements  by  microwave  and  probe  methods  are  shown  in 
Fig.5.39  -40.  The  experiments  have  shown  lack  of  essential  difference  both  in 
parameters  of  plasma  and  in  dynamics  of  the  plasma  jet. 


Fig.5.38.  Photo  of  air-propane  mixture  ignition. 

Single  pulse  regime.  M  =  2,  P  =  300  Torr,  Pq  =  2  atm. 
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air 


Fig.5.39.  Oscillograms  of  MW-signal  (upper  beam)  and  Ha  line  intensity 
(lower  beam)  at  injection  of  plasmadynamic  jet  into  supersonic  flow. 

P  =  300  Torr,  Po  =  2  atm,  z  =  22  cm.  200  ps/div. 


Fig.5.40.  The  propane  addition  influence  on  probe  signal  of  plasma  jet, 

P  =  300  Torr,  Po  =  2  atm,  z  =  43  cm. 
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CONCLUSIONS 

The  complex  of  diagnostic  methods  -  probe,  spectral  and  microwave  -  applicable 
under  the  plasma  aerodynamics  conditions  have  been  developed  in  the  current  project. 

For  these  purposes  an  experimental  installation  has  been  created,  which  provided  a 
supersonic  (M  =  2)  airflow  at  the  static  pressure  range  10  -  500  Torr  with  a  direct 
current  discharge,  pulse-periodic  discharge  and  pulsed  plasma  jets. 

The  main  efforts  were  required  for  application  of  the  probe  method  for  diagnostics  of 
discharges  in  supersonic  flows.  It  is  connected  with  the  fact  that  application  of  the 
standard  schemes  and  methods  of  processing  of  probe  characteristics  for  such 
discharges  is  practically  impossible  due  to  the  specific  mode  of  operation  of  a  probe 
in  such  discharges. 

A  PC-controlled  double  probe  measurement  circuit  with  an  opto  galvanic  isolation 
has  been  developed,  produced  and  tested.  It  makes  it  possible  to  measure  the  probe 
voltage-current  characteristic  at  extremely  high  plasma  potentials  and  high  level  of 
fluctuations.  The  total  period  of  time  of  measurement  of  the  probe  voltage-current 
characteristic  amounts  to  about  10  ps. 

A  class  of  regimes  is  analyzed,  in  which  the  voltage-current  characteristic  is 
determined  by  the  ‘inviscid  flow  region”.  New  analytical  formulae  for  these  regimes 
in  high,  moderate  and  low  discharge  electric  fields  are  deduced.  They  correspond  with 
numerical  simulation  data  and  experiments,  and  can  be  recommended  for  diagnostics 
for  most  cases  of  the  plasma  aerodynamic  experiments. 

A  detailed  two-dimensional  non- stationary  mathematical  model  of  probe  -  supersonic 
plasma  flow  interaction  has  been  developed.  The  model  includes  the  Navier-Stokes 
equations  for  gas,  a  quasi-steady  equation  for  the  electric  field  and  equations  for  the 
quasi-neutral  plasma  with  account  for  the  ambipolar  diffusion  and  heat  conductance, 
the  ion  drift,  plasma  chemical  reactions  of  ionization  and  recombination,  inelastic 
collisions  of  electrons  with  molecules  with  excitation  of  vibrational  and  electronic 
states,  etc.  These  equations  demanded  a  development  of  a  new  set  of  boundary 
conditions.  A  detailed  numerical  simulation  has  been  carried  out  for  conditions 


characteristic  for  a  part  of  regimes  of  eleetrie  diseharges  in  supersonie  gas  flows.  Two 
new  effeets  on  the  voltage-current  eharacteristics  have  been  found  out:  the  synergetic 
interaction  of  the  gas  density  profile  formation  in  the  viscid  high-speed  flow  with  1) 
the  ambipolar  diffusion,  and  2)  the  plasma  ehemieal  reaetions.  They  ean  both  lead  to 
eonsiderable  gains  in  the  eleetron  density,  the  plasma  eonduetanee  and  the  probe 
eurrent.  It  means  that  the  probe  diagnostic  formulae  to  have  been  previously  deseribed 
in  the  literature  are  not  applieable  for  sueh  high-speed  flows.  These  effeets  want 
further  studies  with  goals  of  deduction  of  new  praeticable  formulae  for  diagnostic 
applications,  and  determination  of  limits  of  applieability  of  probe  diagnosties. 

The  speetral  methods  have  been  analyzed  and  adapted  to  experimental  eonditions. 
The  non- stationary  kinetic  model  for  substantiation  of  speetroseopic  methods  of 
diagnostics  of  chemically  active  non-equilibrium  non- stationary  plasma  of  the 
diseharge  in  a  supersonic  gas  flow  was  developed.  This  model  includes  the  non¬ 
stationary  Boltzmann  equation  for  the  electrons  energy  distribution  function  f(e,t);  the 
system  of  non-stationary  balanee  equations  for  the  populations  ny  of  vibrational  levels 
of  the  ground  state  x‘Eg  of  the  nitrogen  molecule;  equations  for  the  populations  n^  of 
electron-excited  states  A^e;,  B^Ttg,  C^7t^,  a'‘E;,  a‘Ag,  b'E^  of  nitrogen  and 

oxygen  molecules;  equations  for  active  particles  (N,  O,  O3,  NO,  NO2,  N2O); 
equations  for  eharged  partieles  nj  (n^,  O  ,  O2,  O3,  O^,  NO  ,  NOj ,  N^O  ,  n+);  and 
the  non-stationary  heat  equation  for  the  gas  temperature. 

Electron  density  has  been  measured  from  Stark  broadening  of  the  hydrogen  line  //p 
line  with  X  =  4861  A”.  The  applieation  range  in  the  diseharge  plasma  is  at  7  >1  A. 
Rotation  temperature  has  been  measured  over  relative  intensities  of  lines  of  the 
rotational  strueture  of  the  band  (0;2)  with  the  quantum  wave  length  X  =  380.5  nm  of 
the  second  positive  system  of  nitrogen  moleeule  and  the  band  (0;0)  with  quantum 
wave  length  X  =  388.3  nm  of  the  CN  moleeule.  Vibrational  temperature  has  been 
evaluated  by  the  relative  intensity  of  the  moleeular  bands  of  the  second  positive 
system  of  nitrogen  moleeule. 

The  application  of  MW  cutoff  method  for  independent  measurements  of  plasma 
density  has  been  shown  in  conditions  of  experiment. 


The  experimental  investigation  of  spatial  and  temporary  evolution  of  plasma 
parameters  of  the  transversal  direct  and  pulse-periodic  discharges  in  supersonic 
airflow  was  carried  out  with  Mach  number  M=2  in  a  pressure  range  40  -200  Torr. 
Under  these  conditions  a  change  in  discharge  currents  from  0.1  up  to  25  A  results  in  a 
change  in  the  values  of  an  electron  density  from  10^^  cm“^  up  to  10^"^  cm"^,  the  gas 
temperature  from  1000  K  up  to  4000  K,  the  vibrational  temperature  from  8000  K  to 
3500  K,  an  electrical  field  from  300  V/cm  to  20  V/cm. 

A  numerical  simulation  of  a  supersonic  flow  over  pulse-periodic  discharge  has  been 
carried  out.  An  analysis  of  temperature,  flow  velocity,  pressure  and  other  parameters 
distribution  dynamics  in  this  case  has  been  performed.  A  comparison  of  the 
computations  with  the  experiments  has  shown  their  good  coinciding. 

On  the  basis  of  these  results  the  conclusion  is  done  about  an  opportunity  of  ignition  of 
supersonic  flows  of  air- fuel  mixtures  by  the  pulse-periodic  electric  discharge. 
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